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Abstract
This thesis explores planar analogues to several existing fluid-infiltrated
microstructured fibre devices. Special attention is given to the appli-
cation of these planar periodic guiding schemes for refractive index
sensing.
The major contribution of this work is the demonstration of fluid
tuned discrete diffraction in liquid-core polymer waveguide arrays. To
experimentally demonstrate fluid tuned discrete diffraction, a novel
planar platform is developed and fabricated based on polymer dry
film lamination. The realised liquid-core waveguides are single mode
and exhibit symmetric coupling. The rate of discrete diffraction can
be thermally tuned. Further, it is theoretically predicted and exper-
imentally demonstrated that if a defect is introduced to the array,
tuning of the wavelength or fluid refractive index can cause a tran-
sition from light being guided in the defect waveguide to it being
coupled off via discrete diffraction. Finally, a new concept is intro-
duced and modelled which enables fluid tuned Bragg guidance using
a reverse symmetry air cladding defect waveguide.
In summary, three fluid tuned periodic guiding schemes on planar
platforms have been designed and modelled to provide a planar coun-
terpart to exiting infiltrated periodic fibre-based platforms. The first
two of these platforms have been experimentally realised and tested.
The latter two platforms have been designed to perform refractive
index sensing of water based solutions suggesting some significant op-
portunities for enhanced sensitivity due to periodicity and high fluid
field interaction with possible applications in biosensing.
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Chapter 1
Introduction
1.1 Introduction
Over the last decade, the field of optofludics has emerged. Within optofluidics
systems using the interaction of optics and fluidics are being studied [1]. Optoflu-
idics is particularly interesting at the microscale where the fluids are generally
laminar and optical phenomena are in the modal regime. This brings certain ad-
vantages as fluids are highly reconfigurable, can be readily infiltrated into optical
platforms as a post-process and offer high index contrast to with solid materials.
Optofluidic systems can also be used to manipulate fluids and particles, using op-
tical trapping to precisely control the position a movement of particles in fluid, for
examples [2]. A major field within optofluidics is fluid sensing. The use of optical
systems to analyse fluids has been performed for centuries, using microscopes for
example. With the introduction of optofluidics, fluid analysis has become minia-
turised and integrated onto portable chips [3]. Optofluidic sensing systems have
been used to perform chemical and biological sensing [4] of bacteria, or viruses [5]
to name just a few examples. The basis of optofluidic sensing systems is that
presence of a particular fluid, or changes with the fluid cause the change of one
or more optical properties of the system. The three most prominent changes
utilised are absorption, refractive index, or physical shape of the fluid, and this
change in the fluid properties modifies the response of the optical system that it
is interfaced to. Being able to detect the smallest changes in refractive index is of
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particular importance for the field of label free biosensing [6], where detection of
extremely small sample volumes suspended in a fluid environment is necessary.
A common technique in label-free biosensing is to analyse the change of re-
fractive index in a buffer solution. The surface of the sensor is coated with
biorecognition molecules, such as antibodies. Once the target analyte enters the
buffer solution it binds to the biorecognition molecules. The analyte molecules
have a larger refractive index than the buffer solution. Hence, the analyte causes
an increase in the refractive index close to the surface. This change in refractive
index is then detected optically, for example by observing the shift in wavelength
of a peak in the output spectrum [7]. The length of this shift can be classified
as sensitivity and given in nanometre shift per refractive index unit. The sen-
sitivity is dependent on the light-analyte interaction [7]. A higher sensitivity is
beneficial because it allows the detection of smaller amounts of the analyte. The
sensitivity of biosensor is dependent on the utilised measurement technique It typ-
ically ranges from few tens of nano metres, for example in 1-D photonic crystal
setups [8]; to a few thousands of nano metres as found with surface plasmon res-
onances [9]. Apart from the sensitivity, the smallest amount of detectable change
in refractive index or analyte concentration is also dependent on the noise of the
used sensing approach. One of the biggest contributors to noise are fluctuations
in temperature.
One of the most sensitive optical structures that have been demonstrated
to date is the fibre Bragg grating [10, 11]. Due to the precise periodicity and
relatively long length and hence large number of periods, fibre Bragg grating
sensors can achieve very high sensitivity. Bragg grating sensors also have the
advantage that they can be realised at specific locations along an optical fibre
and thus can be embedded in remote or inaccessible locations easily with all of the
sophisticated analytical tools located far away in a more accessible environment.
This combination of sensitivity and deployability has seen fibre Bragg gratings
become very popular as strain sensors within large scale structures. While fibre
Bragg gratings can achieve great sensitivity, the nature of coupling forwards and
backwards travelling waves which are both tightly confined within the core means
that such sensors are good at measuring subtle changes in the properties of the
core, but are often shielded from other changes in the environment. An alternative
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to fibre Bragg gratings are long period gratings. Like fibre Bragg gratings, long
period gratings use periodic perturbations to couple one mode to another, but
long period gratings couple the waveguide mode that is confined to the core to
a forward propagating cladding mode that is interfaced to the exterior of the
fibre. Long period gratings are thus very interesting for fluid sensing applications
due their ability to allow a greater interaction with fluids. Long period grating
sensors have been realised in fibres [12], but have also been realised in planar
platforms [13].
While gratings are utilising the periodicity along the direction of propagation,
it is also possible to exploit periodicity in the lateral direction to manipulate the
propagation of light. The most prominent examples of devices using lateral peri-
odicity are air-structured photonic crystal fibres [14] and photonic crystal planar
waveguides. As in the case with fibre Bragg gratings, the periodic array of high
and low indices can create so-called band gaps where light travelling in particular
directions and at particular wavelengths cannot propagate. By surrounding a low
index material with such a photonic band-gap structure, it is possible that light
can be confined in low index regions, down to even air cores [15]. Photonic crystal
structures also provide an excellent optofluidic platform for fluid sensing because
the air holes can be easily infiltrated. Refractive index sensing schemes in infil-
trated photonic crystal fibres, include from manipulation of the band gap in fluid
core [16] or the exploiting of coupling individually infiltrated holes [17]. Fluid in-
filtration has also been demonstrated in photonic crystal waveguides. Apart from
sensing, fluid-infiltrated photonic crystal platforms can be also used for interest-
ing physics experiments. For example, observing the coupling between multiple
infiltrated holes and exploiting the non-linearity in fluids to enable non-linear self-
focussing or defocussing. Non-linear gap solitons have also been demonstrated in
infiltrated fibres.
A great deal of research work has been done with high index contrast air hole
photonic crystal fibres and high index contrast air hole photonic crystal waveg-
uides. This is particularly enabled by the very tight optical confinement that is
offered by the high index contrast and the ability to significantly manipulate the
the dispersion properties of light propagating through these structures which is of
great importance in nonlinear physics, particularly when dealing with ultra-short,
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high power optical pulses. However, once the air holes are infiltrated with fluid,
the index contrast becomes far more subtle and the impact of periodic arrays
enters a different regime. This regime can be thought of as waveguide arrays or
more generally as photonic lattices. The regime of waveguide arrays was first ex-
plored with one dimensional waveguide arrays on planar platforms [18, 19]. The
discrete nature of these waveguide arrays allows the observation of interesting
physics phenomena, ranging from discrete diffraction [20] over the formation of
gap solutions [21] to Bloch oscillations [22] and counter-intuitive guiding schemes
such as negative coupling [23]. A great advantage of coupled waveguide arrays
on a planar platform is that the coupling effects between the waveguides can be
nicely visualised from the top view encapsulating both the coupling and propa-
gation axes. Two dimensional arrays of low index contrast waveguides have also
been studied by infiltrating photonic crystal fibres with high index fluids, however
such arrays have very complex coupling behaviour as there is more than one path
between each neighbouring waveguide and thus it can be difficult to obtain con-
clusive demonstrations of specific physical phenomena in these systems. Hence,
for demonstration and visualisation of linear and nonlinear physical phenomena
in waveguide arrays, planar platforms are preferred.
Apart from the ease of visualisation, planar platforms can offer several other
advantages. Planar platform are relatively straightforward to integrate in other
environments. Planar optofluidic systems, for example, can be easily integrated
with microfluidic mixers and reservoirs which, themselves are often realised using
planar microfabrication technologies. Another example is integration for optical
sources, waveguides and detectors on a single chip in silicon photonics. In con-
trast to fibres, planar photonics platforms also allow the inclusion of longitudinal
variations along the waveguide array, offering an additional degree of freedom as
the light propagates through the platform. The ultimate advantage of the planar
platform is the ability to engineer lateral complexity, potentially including waveg-
uides to launch the light and optical interfaces to sources and detectors which
can be almost arbitrarily complex and highly precise.
The goal of this thesis is to explore the fluid interaction with waveguide ar-
rays on a planar platform. Many waveguide concepts based on periodicity have
been demonstrated already in fluid-infiltrated microstructured fibres. This thesis
4
aims to provide a planar analogue to these fluid tunable fibre platforms. Special
attention is given to the application of these planar periodic guiding schemes in
terms of refractive index sensing. In particular, the sensing of fluids with a re-
fractive index close to water is investigated to enable further application of these
fluid-tunable waveguide platforms as biosensors.
1.2 Thesis Outline
This thesis is structured into 5 chapters which can be summarised as follows.
Chapter 2 explores the fluid tunability of the periodic guidance phenomenon of
discrete diffraction within liquid-core polymer waveguide arrays. In a waveguide
array, discrete diffraction causes the light launched into a single waveguide to
discretely couple to the adjacent waveguides and spread across the array. In
order to experimentally demonstrate the fluid-tunability of discrete diffraction,
a novel planar fluid infiltrated waveguide platform is developed and fabricated
based on polymer dry film lamination. Discrete diffraction is modelled and then
demonstrated in the liquid-core waveguide array. The liquid-core waveguides are
found to be single mode and exhibit symmetric, coherent coupling. The rate of
discrete diffraction can be tuned through a temperature induced variation the
refractive index of the fluid.
Chapter 3 investigates the introduction of a ‘defect’ waveguide to the waveg-
uide array and, if this array with a defect is coupled to a fluid, whether tuning
of the fluid refractive index can cause a transition from light being guided in the
defect waveguide to it being coupled off into the waveguide array via discrete
diffraction. Different types of waveguide arrays are modelled using modal and
beam propagation analysis predicting that such a transition between guiding in
a defect and discrete diffraction is possible. A planar fluid-interfaced polymer
waveguide array platform was designed and fabricated to investigate the fluid
and wavelength tunable change of the guiding behaviour experimentally. An im-
portant outcome of this chapter is that the defect waveguide array structures can
be utilised with liquids exhibiting the same refractive index as water, making
them interesting candidates for biosensing applications.
In Chapter 4, the concept of a fluid infiltrated Bragg fibre sensor is transferred
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to a planar fluid-tunable waveguide platform. Bragg guidance requires the core
region to exhibit a lower or equal refractive index than each of the materials of
the alternating dielectric in the Bragg reflector. In order to achieve this low index
core region, the use of reverse symmetry waveguides is proposed and modelled.
The modelled Bragg guidance is strongly wavelength dependent. A change of
the refractive index of the fluid cover causes the guidance spectrum to shift to a
different wavelength range.
Chapter 5 summarises the findings of explorations in the other chapters and
outlines future work and possible applications of the investigated platforms.
The contributions made in this thesis are threefold. A novel laminated optoflu-
idic waveguide array is introduced and its capability to tune discrete diffraction
based on changes in the refractive index is presented. The fluid-tunable transition
from discrete diffraction and trapping of light in a defect waveguide inside waveg-
uide array was analysed theoretically and implemented experimentally. Designs
for planar waveguide arrays to establish a fluid-tunable Bragg guiding in reverse
symmetry waveguides is proposed and analysed.
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Chapter 2
Fluid-tunable discrete diffraction
in planar waveguide arrays
2.1 Introduction
The combination of light and fluids is quite a natural phenomenon. We have
used light to analyse fluids for centuries, which has led to the most sophisticated
microscopes. In addition, fluids have been used to control the propagation of light.
One of the oldest examples of fluids controlling light is liquid mercury enabling
perfect spherical telescope mirrors. Recently, efforts have been made to integrate
optical components with microfluidic elements. The marriage of microfluidics and
optics has become established as a research area called optofluidics [1].
The most simple way to create an optofluidic platform is to infiltrate an exist-
ing optical platform. The most obvious platform is to use hollow photonic crystal
fibres and infiltrate them to realise liquid waveguide cores. Fluid-tunable inter-
action between liquid-core waveguides in periodic arrays has been investigated
in two-dimensional fluid-infiltrated phonic crystal fibers [24], in particular in the
context of non-linear gap soliton formation [25] and non-linear focussing and de-
focussing [26]. In addition, coupling between liquid-core waveguides cores has
enabled nonlinear optofluidic couplers [27] and highly sensitive refractive index
sensors [17].
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The propagation of light in two-dimensional arrays of waveguides is highly
sensitive to imperfections of the structure, because light in each waveguide cou-
ples to more than two neighbouring waveguides [24]. Thus, in 2-D arrays there
is always more than one path for light to couple from one waveguide to another.
Small differences in these multiple coupling paths can degrade the coherence of
a diffracting beam and thus, beam diffraction experiments in 2-D arrays are typ-
ically limited to one or two coupling lengths making it difficult to observe subtle
optical phenomena. In 1-D arrays, there is only a single path for coupling between
adjacent waveguides. Thus, coherent discrete diffraction can be sustained over
many coupling lengths in a 1-D array [28]. Hence, 1-D infiltrated waveguide ar-
rays can provide an excellent platform for the investigation of periodic behaviour
enabling experimental observation of fundamental physical phenomena and also
suggesting significant opportunities for photonic sensors.
Fibers have been infiltrated selectively by blocking some of the holes to realise
one-dimensional fluid-infiltrated waveguide arrays [28, 29]. However, masking the
holes can be cumbersome and time-consuming. Furthermore, the flexibility of the
platform is still strictly limited to the fiber profile. Hence, precise arrangements
of individual holes are difficult to realise and the implementation of longitudinal
variations along the fiber is virtually impossible. Waveguide arrays incorporating
longitudinal variation are of importance in the study of many linear and nonlinear
optical phenomena [30]. Thus, there is a need for a platform that allows precisely
defined 1-D liquid-infiltrated waveguide arrays on a rigid substrate to perform
fluid-tunable discrete light propagation.
In this chapter, the addition of fluid-tunablity to planar 1-D coupled waveg-
uide arrays is explored. If a fluid-infiltrated waveguide array platform can be
realised, it would add control to the discrete and periodic guiding effects due to
reconfigurable fluid properties. Further, the new platform is expected to provide
a robust alternative to existing infiltrated fibre based platforms because of its 1-D
nature.
This chapter is organised as follows. In Section 2.2, a novel liquid-core poly-
mer waveguide platform is designed, realised and demonstrated as being capable
of supporting light propagation within the liquid cores. Section 2.3 then shows
that the platform can be used to study interesting physical phenomena by showing
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that discrete diffraction can be observed using the developed platform. The effect
of changes in the optical properties of the fluid on discrete diffraction is modelled
theoretically. Based on the modelled parameters, a liquid-core waveguide array
is fabricated and tested to demonstrate fluid-tuneable discrete diffraction. Sec-
tion 2.5 summarises the findings of this chapter and identifies opportunities for
further work.
2.2 Planar fluid-infiltrated waveguide platform
In order to show any fluid-tunable periodic waveguiding effects in a coupled
waveguide array, a suitable platform is required. In conventional waveguides
light propagation occurs due to the trapping of light via total internal reflection.
The majority of the electric field resides inside the high index waveguide core.
Thus it is advisable to employ liquid-core waveguides, with a fluid of higher re-
fractive index than the material which is being infiltrated, if one would like to
achieve a large amount of fluid-tunability of the guiding behaviour. Such a liquid-
core platform requires the realisation of long, hollow, micron-scale channels that
can be infiltrated with the fluid and interfaced with optical source and detectors.
In this section the fabrication of such a planar waveguide platform consisting of
hollow micron-scale channels is investigated and infiltration with high refractive
index liquid is explored.
2.2.1 Review of planar fabrication techniques for hollow
channels
Having established that a planar fluid infiltrated platform would offer significant
opportunities for the study of physical phenomena, the design and realisation
of such a platform can be considered. However, before this hollow waveguide
platform can be developed, an appropriate material system needs to be selected.
There are certain selection criteria the material for the hollow core platform
needs to fulfil. Firstly, the material needs to allow the high precision realisation
of micron-scale features to define the hollow waveguides. In addition, the material
must produce a rigid planar platform. The material also needs to be transparent
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and it would be beneficial if it would be inert to solvents and bio-compatible
to allow applications in biosensing. Further, a straight forward and low cost
fabrication technique would be advantageous.
The microfluidics community has developed a wide range of platforms to re-
alise hollow microfluidic channels. Dimensions of the channel cross-sections typ-
ically range from 1000 µm down to 10 µm. Apart from the micron-scale dimen-
sions required for optical liquid waveguide cores, microfluidics poses similar re-
quirements on materials and fabrication approaches. It is proposed that materials
and fabrication techniques for the realisation of those hollow micro-scale channels
required for liquid-core waveguides may already exist for microfluidics. Thus a
literature review was carried out to explore possible fabrication approaches.
Choice of Materials
Among others, microfluidic devices are dominated by two material systems: glass
and polymers [31]. Glass was originally used for many microfluidic systems [32].
Glass has excellent optical properties and has been used in optical and fluidic
devices for centuries. It is also inert to a lot of substances. However, in terms
of fabrication techniques, glass is quite cumbersome to handle. It requires wet
etching with hydrofluoric acid or reactive ion etching [33] to define the microfluidic
channels.
The second material system used in microfluidics is that of polymers [34].
Polymers have also been proven as a well established platform for solid-core in-
tegrated optics [35]. Thus, it is logical to evaluate the use of polymers for the
development of a planar liquid-core waveguide platform.
Thermoplastics are used to fabricate microfluidic systems using micron in-
jection moulding [36] or hot embossing [37]. However, feature sizes of these
techniques are limited. Alternately, for high resolution applications in microflu-
idics, the common material of choice is elastomer polydimethylsiloxane (PDMS).
PDMS can be cast from micron-scale master structures to realise microfluidic
channels [38]. It has also been utilised to fabricate optofluidic waveguides [39].
Being an elastomer, PDMS is quite soft and can swell when exposed to certain
liquids which is not desired since precise geometries for the waveguides are needed.
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Thermo setting polymers, such as epoxies, have also found great application in
microfluidics. A widely used epoxy polymer is the negative photoresist SU-8 [40]
from Microchem. It is popular, mainly due to its ability to be photo patterned.
High aspect-ratio micron-size features can be defined using conventional ultra-
violet (UV) photolithography [41, 42]. After development, the cured polymer
remains as a structural material. In addition, SU-8 exhibits relatively low losses
over a broad optical spectrum [43]. These properties have made SU-8 an inter-
esting candidate for straightforward and low-cost implementation of lab-on-chip,
MEMS [44] and integrated polymer optic devices [45]. SU-8 satisfies best the
required properties. It allows the fabrication of high-precision and high-aspect
ratio rigid polymer structures using photo lithography. It shows relatively low
absorption and is inert once cured. It also allows a low-cost and straightforward
fabrication without the need of any etching processes. Thus, SU-8 will be used
as base material for the development of the planar fluid-infiltrated waveguide
platform.
Techniques for forming sealed SU-8 channels
Liquid SU-8 must be deposited layer by layer using a spin-coater. Therefore, it is
not possible to seal the SU-8 channels in order to realise hollow cavities by con-
ventional application of SU-8. However, there are at least four basic fabrication
techniques reported in literature to seal SU-8 channels: Sacrificial layers, partial
exposure, bonding and lamination of dry films.
In the sacrificial layer technique, a layer of material that can easily be re-
moved is used to hold up a subsequent layer of SU-8 and then, once the SU-8
is cross-linked and hardened, the sacrificial layer is removed leaving a hollow be-
neath the SU-8. In this specific case, the sacrificial layer would be deposited and
defined in places where the hollow channel is meant to be, covered with SU-8
and then selectively dissolved to reveal the channel. Heat-depolymerizable poly-
carbonates [46] have been used as sacrificial layers. Uncured SU-8 has also been
used, either shielded through a metal mask layer [47, 48, 49] or shielded with
SU-8 with increased UV-absorption [50].
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The high aspect ratio of photolithography in SU-8 is enabled by a complex
photochemical chain reaction. One of the interesting consequences of this is that
when SU-8 is exposed, it cross-links from the top down with a discrete interface
between the cross-linked material closest to the exposure source and the un-cross
linked material beneath. This enables so called ’grey scale’ lithography where if
SU-8 is only partly exposed, the top part of the SU-8 will be cross-linked, but
the material underneath will remain un-cross-linked and can be developed away.
In this specific case, the side-walls of the channels would be defined with full
exposure through a mask and then the top of the channel could be defined with a
brief additional exposure that would cross-link the previously protected channels
only near the surface. Exposure of SU-8 with a proton beam [51], laser [52] or
electron beam [53] has also been used to locally cure just the top layer of SU-8
to achieve channel sealing.
In the bonding approach, it is possible to take two photolithographically de-
fined structures and then stick them together using various bonding techniques.
SU-8 bonding techniques have been demonstrated for complete wafers [54] or
flexible substrates [55]. Free standing bonded structures were realised [56] as
well as combinations of waveguides and microfluidic channels [57]. SU-8 channels
have also been sealed with PDMS [58] or the photo patternable Riston dry film
routinely used for printed circuit boards [59].
Finally, microfluidic channels in SU-8 have also been realised using SU-8 dry
film lamination of an uncured film onto flexible substrates [60] as well as pre-made
SU-8 foils [61] on top of open channels on rigid substrates. Dry film lamination
techniques are interesting because they are more scalable than approaches using
wafer bonding or sacrificial layers as they could be used in a reel to reel configu-
ration. Recently, lamination of SU-8 dry film using roll manufacturing [62] have
been demonstrated to realise microfluidic channels. Within this process, the base
of the channels was fabricated using hot-embossing and subsequently laminated
allowing a high throughput of samples. SU-8 dry film lamination was demon-
strated for microfluidic channels with dimensions ranging from 10 to 120 µm.
The use of sacrificial layers requires a process to dissolve the extra layer which
can be time-consuming. The available methods to partially expose SU-8 are all
serial and lack of control to define smooth sidewalls. Bonding of wafers requires
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special equipment, such as a wafer bonder and dicing of two sandwiched wafers
can be cumbersome.
Among the fabrication techniques to define hollow channels in SU-8, dry film
lamination appears to be most straightforward and controllable. In addition, lam-
ination can be applied to a whole wafer or indeed as a reel to reel process. Thus
in the next section, the SU-8 dry film lamination for micro-scale hollow chan-
nels is investigated in order to develop a novel planar polymer hollow waveguide
platform.
2.2.2 Micron scale dry film lamination method
Realisation of hollow microfluidic channels in the SU-8 epoxy polymer using dry
film lamination has been proven successfully for channel cross-sections down to
10 µm [60]. However, core sizes for single mode liquid-core waveguides typically
require cross-section of less than 10 µm, often of only a few microns [63]. SU-8
has the ability to realise structures with feature sizes down to micrometer size
and this suggests that the SU-8 dry film lamination technique could be adapted
to realise micron scale hollow channels. Thus it is worth investigating the size
reduction of the SU-8 dry film lamination technique to realise a planar hollow
waveguide platform, that later can be infiltrated to realise liquid waveguide cores.
SU-8 dry film lamination can be broken down into three parts. The first part
involves the fabrication of the SU-8 base and sidewalls of the hollow waveguides.
In the second part the SU-8 ceiling of the hollow core is prepared on a flexible foil
substrate. In the final part, the SU-8 ceiling is flipped and laminated onto the
open channels prepared in the first part. The lamination can be performed on
whole wafers which are then diced into individual chips. The fabrication process
is depicted in Figure 2.1.
Channel base and sidewall fabrication
A 3 inch silicon (Si) wafer is used as a substrate to achieve optimum planarity. Si
has a higher refractive index than the liquid cores. In order to enable index guid-
ing via total internal refelection in the infiltrated waveguide cores, the cladding
material must exhibit a lower refractive index than the fluid. Thus in the first
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fabrication step, a relatively thick layer of SU-8 is spin coated as lower cladding
to prevent light guided in the core layer from leaking into the Si substrate. The
SU-8 is baked to evaporate the solvents that were necessary for the spin coating
process. The film is flood exposed to ultraviolet (UV) light to initialise the poly-
merisation process, as depicted in Figure 2.1(a) and thermally cured in a second
baking step, after which the SU-8 will be fully cross-linked and thus inert to most
solvents.
Next the SU-8 core layer is deposited. The core layer includes the channels to
confine the liquid-core. Before the SU-8 core layer is spin coated, the underlying
SU-8 lower cladding layer is plasma treated to improve the adhesion of the liquid
SU-8 core layer film to the previously cross-linked lower cladding. After spin
coating, the SU-8 core layer is baked again. Then the SU-8 core layer is UV
exposed through a high resolution chrome mask in hard contact with the sample
as shown in Figure 2.1(b). The regions of the channels are shielded from the
UV light by the mask and not exposed. The unexposed regions do not cross link
during the second baking step. Thus these channel regions can be removed in a
development step to reveal the open channels, as illustrated in Figure 2.1(c).
Preparation of SU-8 dry film
After the open channels have been fabricated, the SU-8 dry film to seal the chan-
nels is prepared. The SU-8 film is deposited onto a flexible polyethylene tereph-
thalate (PET) film which is then flipped and laminated over the open channels.
The PET film has to be first laminated onto the Si substrate as illustrated in
Figure 2.1(d) before it can be coated with SU-8. One possible PET foil, ARClear
8932 from Adhesives Research, is available commercially and comes pre-coated
with an adhesive which makes adhesion to a Si carrier very straightforward. Fig-
ure 2.2 shows how the PET film, with adhesive facing down, is laminated on a
Si substrate using a conventional paper laminator. The SU-8 layer is spin coated
and soft baked, as depicted in Figure 2.1 (e). The PET film with the SU-8 can
then be peeled from the Si substrate and used for lamination.
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Figure 2.1: Fabrication process: (a) deposit and cure SU8 buffer; (b) deposit,
pattern, and cure core; (c) develop core; (d) laminate PET film; (e) deposit and
soft bake SU8 sealing layer; (f) peel carrier film and sealing layer; (g) laminate
sealing layer over core; (h) cure sealing layer, (i) remove carrier film; (j) apply
SU8 cover; (k) finalised air structured waveguides
Figure 2.2: Lamination of PET film with conventional paper laminator
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Lamination of SU-8 dry film
The SU-8 dry film on the PET foil is now applied to the open channels in order to
seal them and realise hollow channels. The SU-8 dry film is flipped and laminated
onto the open SU-8 channels using a paper laminator, as seen in Figure 2.1(g).
During the lamination process, an additional Si wafer is placed onto the PET
film to ensure uniform pressure and minimise the transfer of the roughness from
the rollers of the laminator into the carried SU-8 film. After the lamination
process, the SU-8 film is UV flood exposed through the PET film, as illustrated
in Figure 2.1(h) and baked to cure the SU-8. Figure 2.1(i) displays how the PET
film is peeled off, once the SU-8 is cross-linked.
In order to protect the laminated SU-8 sealing layer during the dicing process,
an additional layer of SU-8 is spin-coated, flood exposed and cured as shown in
Figure 2.1(j). The finished wafers are then diced into pieces using an automated
dicing saw.
2.2.3 Realisation and inspection of micron-scale laminated
platform
Having presented a general fabrication method in Section 2.2.2, it is now possi-
ble to attempt to use this method to realise a practical micron-scale laminated
structure. To practically demonstrate this technique, the fabrication process of
Section 2.2.2 was conducted to realise waveguides with 3 × 3 µm to 8 × 3 µm
cross-section channels. A 50 µm thick buffer layer was deposited on a Si sub-
strate, then a 3 µm thick SU-8 core layer with the channel openings was defined.
A 10 µm thick SU-8 dry film was laminated onto the open channels to seal them
and finally a 50 µm thick SU-8 cover layer was deposited. Table 2.1 outlines the
process parameters for different layers. The wafer was separated into 10×10 mm
samples.
After fabrication, the diced samples were inspected using a Scanning Electron
Microscope (FEI Nova Nano SEM) in order to verify the quality of the opening
channels. Before inspection of the end faces, a 5 nm layer of gold/palladium was
evaporated onto the SU-8 to prevent charging through the electron microscope.
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SU-8 Film Thickness 3 µm 10 µm 50 µm
SU-8 product SU-8 2002 SU-8 2005 SU-8 2025
Spin Speed / rpm 1700 700 1000
Acceleration / rpm/s 300 300 300
Spin Time / s 30 30 30
Soft Bake Time / min 2 at 95 ◦C 1 at 65 ◦C 3 at 65 ◦C
10 at 90 ◦C 6 at 95 ◦C
Exposure energy / mJ 90 600 600
Post exposure bake time / min 2 at 95 ◦C 3 at 95 ◦C 1 at 65 ◦C
6 at 95 ◦C
Development / s 60 n/a n/a
Table 2.1: Process parameter for laminated hollow channels in SU-8
Figure 2.3 shows the cross-section of the diced waveguide arrays with 3 µm tall
channels and with widths ranging from 3 to 8 µm. The side walls of the hollow
waveguides appear reasonably straight. The channels did not collapse during the
lamination process. Most of the left side walls appear not as smooth as the right
side wall. Some of the channel cross-sections have a trapezoid geometry especially
at smaller width, as seen in Figures 2.3 b), c) and d). The width of the channels
appears slightly narrower than expected.
In principle the reduction of the dimension of the microfluidic channels made
through SU-8 dry film lamination to micron-size was successful. The end faces
were smooth and did not require any further treatment such as polishing. The
increased roughness is probably just dust or residue that was carried over as the
dicing blade went by from the left to the right side, which also makes the channels
appear slightly narrower. The trapezoid geometry observed in some channels is
likely related to the unwanted exposure of regions that should have been shielded
by the mask. The edge bead of 50 µm-thick buffer layer may cause a gap between
the SU-8 and the mask causing partial exposure of shielded regions. Vacuum
contact exposure could reduce this observed expansion of exposed features.
During the dicing process some of the SU-8 layer delaminated from the silicon
substrate. The delimitation of the SU-8 may be related to the water absorption
as reported in [64]. An increased dehydration period prior spin coating and a
reduction in cooling water rate during the dicing from 1 L per min to 0.5 L per
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Figure 2.3: SEM micrographs showing cross-sections of laminated hollow wave-
guides with core sizes: a) 8 × 3 µm, b) 3 × 3 µm, c) 3 × 3 µm, d) 4 × 3 µm, e)
7× 3 µm, f) 8× 3 µm
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min was attempted and it was found that this significantly reduced the instances
of the delamination of the SU-8. The deposition of an additional KMPR epoxy
photoresist layer underneath the SU-8 buffer layer may also increase the adhesion.
In summary, SU-8 dry film lamination has been proven to be feasible method
to realise hollow channels with relatively straight side walls down to micron scale
dimensions. Having demonstrated a planar hollow channel platform. This plat-
form should allow infiltration of high index liquid into the hollow channels to
achieve waveguiding in high index liquid cores.
2.2.4 Fluid-infiltration and waveguiding
Recall that the stated aim of this chapter was to investigate fluid-infiltrated peri-
odic waveguide arrays whose guiding capabilities can be tuned due the change of
the fluid properties. In order to demonstrate such tunability, it will be necessary
to demonstrate a waveguide platform incorporating high refractive index liquid
cores. Section 2.2.3 showed that the lamination of SU-8 dry film is a suitable
technique to fabricate hollow micron-scale channels. Having established such a
micro channel platform, it needs to be investigated whether the channels can be
infiltrate with high refractive index liquid and allow the guidance of light within
these liquid cores.
Figure 2.4: Infiltration process of hollow waveguides
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In order to enable guiding via total internal reflection in the liquid waveguides
cores, the liquid must exhibit a refractive index larger than the SU-8 cladding
material. The refractive index of SU-8 is 1.592 [65] at a wavelength of 0.633 µm.
Thus the fluid index has to be higher than 1.592. Immersion Liquid 40BN from
Cargille Labs was chosen to infiltrate the hollow waveguides. Immersion Liquid
40BN exhibits a refractive index of 1.656 at the wavelength of 0.633 µm according
to its data sheet. Thus, guidance should be possible if this liquid is used to fill
the waveguide cores.
Because of the small cross-section, capillary action should take care of the
infiltration. Thus, hollow channels were infiltrated simply by placing them into
the Cargille liquid as shown in Figure 2.4. The 10 mm long chips filled with liquid
within about 20 min.
10 µm 
Figure 2.5: Output end-face with placed upright on microscope slide and illumi-
nated from underneath [66]
Now that the samples were infiltrated with high index liquid, the samples
could be checked for waveguiding. As a quick test to demonstrate rudimentary
waveguide features, the sample was placed with one of its cross-sections facing
downward on a microscope slide. The microscope slide was illuminated from
below and a microscope was focussed on the opposite end face. In Figure 2.5
the microscope image of the output cross-section is shown. Some of the fluid
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infiltrated waveguides appear as bright spots. This indicates that the infiltrated
channels behave like optical waveguides.
This section set out to show that a fluid infiltration platform could be realised
using planar technology. SU-8 epoxy was selected and a lamination technique that
had been demonstrated previously in large scale microfluidics was adapted. It was
shown that hollow, micron scale channels could be realised. These channels could
be infiltrated with high index fluid and appear to behave as waveguides when
interrogated in transmission mode on a microscope. Having established a planar
polymer liquid-core waveguide platform, the extension to a periodic waveguide
array consisting of multiple waveguides can be explored. Thus, in the next section
the realisation of a such a fluid-infiltrated waveguide array is investigated and the
effect of an alteration of fluid properties on the guiding behaviour is analysed.
2.3 Fluid-tunable discrete diffraction
The goal of this thesis is to explore planar platforms that enable a fluid-tunable
light propagation in periodic waveguide arrays. In Section 2.2, a laminated poly-
mer waveguide platform was developed allowing the infiltration of micron-scale
channels with high refractive index liquid to enable guidance of light within the
liquid. In this section, it is investigated whether the liquid-core waveguide plat-
form can be extended to a waveguide array to enable the implementation and
observation of typical periodic guidance mechanisms, such as discrete diffraction.
In addition, the fluid-tunability of discrete diffraction is analysed and the ro-
bustness of the novel planar platform is compared to fibre-based 2-D waveguide
arrays.
2.3.1 Discrete diffraction
Before periodic guiding mechanisms like discrete diffraction can be implemented
in the planar liquid-core waveguide platform it is worth reviewing the current
body of knowledge to establish what requirements discrete diffraction poses on
the waveguides to be able to be properly visualised. In addition, a method to
make discrete diffraction fluid-tunable needs to be developed.
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Figure 2.6: Schematic of a planar coupled waveguide array
A homogenous waveguide array, or photonic lattice, consists of multiple iden-
tical waveguide cores that are arranged at the same distance from each other,
as illustrated in Figure 2.6. If the waveguide cores are in close proximity, the
evanescent field of the guided mode of each waveguide will overlap with that of
the neighbouring waveguides. Light launched into a single waveguide within the
array can interact with the neighbouring waveguides and couple light to them.
As the light propagates along the waveguide array, it is coupled from waveguide
to waveguide and spreads laterally in the form of two distinct side lobes as shown
in Figure 2.7. This process is called discrete diffraction because, unlike normal
diffraction, for example from a point source, the light is confined in discrete
waveguides.
Figure 2.7: Illustration of discrete diffraction in homogenous waveguide array
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Discrete diffraction is the underlying phenomenon of many interesting exper-
iments carried out in coupled waveguide arrays [30]. Thus it is an important step
to realise a fluid-tunable platform that can exhibit discrete diffraction to provide
platforms that exhibit the discrete guiding behaviour over a periodic waveguide
array and are reconfigurable as well.
The divergence of light within waveguide arrays in such a discrete fashion
was first observed in by Somekh et al. [67] in 1973. If the individual waveguides
are sufficiently spaced so that only coupling to the nearest neighbour occurs,
the energy exchange between waveguides in a waveguide array can be described
using coupled mode theory under the so-called tight-binding approximation. The
light propagation in a one-dimensional waveguide array is governed by a set of
equations describing the evolution of the field amplitudes of the waveguides as
the light propagates through the array:
i
An
dz
+ C(An+1 + An−1) = 0 (2.1)
where An is the modal field amplitude of the nth waveguide, z is the propagation
distance along the array and C is the coupling coefficient determined by the field
overlap.
Jones et al. [68] showed that if light is launched into a single waveguide, for
example An 6=0(z = 0) = 0 in a one-dimensional array, the field position dependent
field amplitude of each waveguide can be determined according to:
An(z) = (i)
nA0(z = 0)Jn(2Cz) (2.2)
where i =
√
−1 is the imaginary unit and Jn is the Bessel function of nth order. As
the light propagates along the array it deviates away from the centre in the form of
two side lobes with secondary peaks in between them as shown in Figure 2.7. This
discrete diffraction pattern is different from diffraction in a homogenous medium
where most of the power is concentrated in the centre. The rate at which the
light spreads among the waveguides is dependent on the coupling coefficient.
Since all waveguides are identical in a homogenous waveguide array, the cou-
pling coefficient can be determined by analysing the field overlap between two
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individual waveguides, arbitrarily named Waveguide 1 and Waveguide 2, accord-
ing to [69]:
C =
ωǫ0
4
∫∫
Ewg1 ·∆ǫEwg2 dA (2.3)
where ω is the angular frequency, ǫ0 is the vacuum permittivity, Ewg1 and Ewg2 are
the normalised field distributions of the fundamental guided modes of two array
waveguides, and ∆ǫ is the difference in relative permittivity between the case
where both Waveguide 1 and Waveguide 2 are present and the case where only
Waveguide 1 is present. If the evanescent field overlap of two adjacent waveguides
is large, the coupling is stronger and the spreading occurs at a quicker rate. In
order to properly monitor discrete coupling between waveguides, it is important
that the each individual waveguide only supports one mode to avoid coupling
effects of multiple modes simultaneously. Hence, it is a requirement that the
liquid-core waveguides are single mode.
In a directional coupler light periodically couples forth and back between
the two waveguides [70]. In the systems consisting of multiple coupled waveg-
uides [71] the light between the waveguides undergoes a periodic repetition called
self-imaging. The tunable waveguide in this chapter arrays are deliberately de-
signed to avoid periodic self-imaging resulting from light interaction with the
edges of the array by making the number of waveguides on either side of the ex-
citation waveguide significantly larger than the number of coupling lengths that
would be expected. Hence, the number of waveguides is chosen to high enough
to avoid an interaction with the array edges. Thus bandgap theory for an infinite
waveguide array can be utilised to approximate the light propagation within the
array.
The aim of this chapter is to demonstrate a planar fluid-tunable waveguide
array platform where the rate of coupling or the discrete diffraction can be altered
due to a change of the fluid’s properties. A logical step would be to modulate the
evanescent field overlap of the individual waveguides, since this would be directly
affecting the coupling rate. The field overlap of waveguides is essentially deter-
mined by the dimensions of the waveguide cores and their separation as well as
the wavelength and the refractive index contrast between core and cladding ma-
terials. The refractive index contrast is the only property that can be modulated
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due to a change in the fluid. If the refractive index of the fluid can be decreased
relative to the SU-8 cladding, the evanescent tail will become larger and the field
overlap with the adjacent cores will increase and the coupling and discrete diffrac-
tion will occur at a quicker rate. Hence, the rate of discrete diffraction should be
able to be tuned via a variation of the fluid’s refractive index.
Such a fluid index dependent change of discrete diffraction has been shown
in infiltrated photonic crystal fibres by Rosberg et al. [24]. However, as men-
tioned in Section 2.1 discrete diffraction cannot be controlled in a very robust
way in two-dimensional waveguide arrays, because the light is coupled to multi-
ple waveguides simultaneously. Rosberg used a change of temperature to alter
the fluid’s refractive index relative to index of the glass cladding. Thus the use
of a temperature dependent fluid refractive index to alter the discrete diffraction
rate in the 1-D liquid-core waveguide platform is investigated.
2.3.2 Refractive indices and temperature dependence
It is beneficial to design the waveguide array for operation at a wavelength of
1.55 µm because this will enable the guided light to exhibit single mode behaviour
at larger channel cross-sections, compared to light in the visible spectrum. A
wavelength of 1.55 µm has also the advantage that tuneable sources exist at
this wavelength range which may enable the further extension of the platform
to wavelength tuneability. The refractive index of SU-8 needs to be determined
at 1.55 µm wavelength and an appropriate fluid needs to be chosen in order to
model the guiding behaviour in the liquid-core waveguide array.
A simple approach to fluid-tune the discrete diffraction may be the exploita-
tion of the difference in thermo-optic coefficients of the core and cladding mate-
rials. If temperature dependence of the SU-8 and the high index Cargille liquid
differs, a change of temperature may cause significant change in field overlap be-
tween the waveguides and hence a change in the rate of discrete diffraction. Thus
in this subsection, the refractive index of SU-8 is measured and the core liquid
is chosen. In addition, the temperature dependence of SU-8 and the liquid core
refractive index is investigated to be used as tuning mechanism.
The SU-8 manufacturer Microchem only provides information about the re-
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fractive index of uncured SU-8. Therefore, the refractive index of cross-linked
SU-8 was measured using a Metricon 2010/M prism coupler. A five point mea-
surement of a 10 µm thick SU-8 2005 film was performed using at laser source
(Agilent 81642A) at 1.55 µm wavelength in both TE and TM polarisations. The
average index measured for the TE polarisation was 1.57225 with a standard de-
viation of 7.19× 10−5 and for the TM polarisation, the average index was found
to be 1.57199 with a standard divination of 4.43×10−5. From here on the refrac-
tive index of SU-8 is assumed with 1.572 at 1.55 µm wavelength in the following
calculations.
Cargille Series A 1.64 refractive index liquid from Cargille Labs was chosen
as the infiltration fluid. According to the datasheet, it has a refractive index of
1.608 at the operating wavelength of 1.55 µm and hence exhibits a higher index
than SU-8.
A temperature dependent change in index contrast between core and cladding
may be utilised to tune the discrete diffraction. Thus is it necessary to analyse
the temperature dependent refractive indices of SU-8 and the Cargille liquid.
An increase in temperature usually results in a decrease of the material’s
density. This change in density causes a variation to the material refractive
index. The amount of change of the refractive index with temperature depends
on the material type and whether it is in solid or liquid phase. In order to use
the temperature to change the index contrast with the materials chosen for the
core and cladding, the thermo-optic coefficient of the SU-8 cladding and Cargille
liquid core must be assessed to ensure that heating these materials will result in
a differential change in refractive index.
It is expected that the liquid core should have a far greater thermo-optic coeffi-
cient than the solid SU-8 cladding, simply due to the fact that it is a liquid which
can expand and contract more freely than a solid. The Cargille Series A 1.64
liquid has a thermo-optic coefficient of dn/dT = −4.59× 10−4/K as stated in its
data sheet. The thermo-optic coefficient of SU-8 has been documented [72] with
dn/dT = −9.6 × 10−5/K. To illustrate the expected index contrast, Figure 2.8
compares the temperature dependent refractive indices for both materials. The
absolute change in refractive index of the liquid core is almost 5 times stronger
than that of the SU-8 cladding material. Thus, the index contrast will change
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Figure 2.8: Refractive index change with temperature: Cargille Series A 1.64
refractive index liquid (solid blue line) and cured SU-8 epoxy polymer (dashed
red line)
with temperature, reducing as temperature increases, but perhaps not by as much
as would have been expected due to the relatively high thermo-optic coefficient of
SU-8. The reduced contrast with increased temperature should increase the ex-
tent of the evanescent field of the waveguides into the cladding and hence increase
the field overlap and thus strengthen the coupling of adjacent waveguides in the
array leading to more rapid lateral spreading of light due to discrete diffraction.
2.3.3 Modal analysis
Having defined the material’s refractive indices and their temperature dependence
it is now possible to simulate how light would actually propagate within a fluid
infiltrated waveguide and couple across an array of such waveguides. In order to
properly observe the coupling phenomena in a waveguide array it is important
that the waveguides are single moded, so that all the guided light exhibits only one
mode and coupling of higher order modes does not distort the discrete diffraction.
It is also important to know the effective index of propagation of that mode and
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how the field profile of that mode extends into the cladding in order to determine
the strength of evanescent coupling between adjacent waveguides. Further, since
the temperature dependent change of the index contrast is known, the evanescent
field of the waveguides can be modelled, to confirm its increase with temperature.
Single mode guidance at room temperature
For the discreteness of the light propagation in the waveguide array, it is impor-
tant of that there is only one mode exhibited within an isolated array waveguide.
Thus the individual liquid core waveguides should exhibit single mode behaviour.
Whether or not a waveguide is single mode depends on the waveguide’s core
size, refractive index contrast of core and cladding as well as the operating wave-
length. A particular single mode waveguide can exhibit additional modes, if the
core size is increased, the index contrast is increased or if the operating wave-
length is reduced. Waveguides with rectangular cross-sections usually support
modes in two polarisations. One differentiates between modes with an electric
field orientation in x or y-direction. Here, modes with an electric field orienta-
tion parallel to the substrate of the integrated waveguide are defined transverse
electric (TE) modes and and modes with an electric field perpendicular to the
substrate are defined as transverse magnetic (TM) modes. In order to determine
if the infiltrated waveguides are single mode, a full vector finite element method
(FEM) mode solver is used to check for the existence of higher order modes at
room temperature (25◦C).
Higher order modes will have zero crossing of the field in the core region.
The first order mode TE01 and TM01 have a zero crossing on a horizontal line
through the centre of the core, while the TE10 and TM10 have zero-crossing on a
vertical line intersecting the core. Placing an appropriate boundary intersecting
the core horizontally and vertical can force the mode solver to find these modes,
should they exist. The boundaries used are either a perfect electric conductor
(PEC) or a perfect magnetic conductor (PMC). The PEC boundary forces the
electric field tangential to the boundary to be zero, while the PMC boundary
forces the tangential magnetic field to zero. If both boundaries intersecting the
core vertically and horizontally are of the same kind, the solver is forced to seek
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the first order mode. For PEC boundaries the modes sought will be TE01 or
TM10 and for PMC boundaries the sought modes will be TE10 or TM01. In
order to force the correct polarisation, the boundaries on the opposite side of the
simulation window need to be adjusted. The fundamental mode is forced when
the vertical boundary is set to PEC and the horizontal to PMC for TE00 and vice
versa for TM00.
A rectangular waveguide core with 3× 3 µm in cross-section infiltrated with
Cargille Series A 1.64 (nco = 1.608) surrounded by a SU-8 cladding (ncl = 1.572)
was simulated at 1.55 µm wavelength using the FEM mode solver. The core was
intersected by a boundary horizontally and vertically. A vertical perfect electric
conductor (PEC) and horizontal perfect magnetic conductor (PMC) boundary
was chosen to force TE00 mode. The opposite configuration was used to force
TM00 mode. In addition, matching boundaries were used to check for first order
modes.
Figure 2.9 shows the calculated field distributions for the six FEM simula-
tions with different boundary conditions. Figure 2.9 a) c) e) shows the electric
field oriented in x direction and therefore possible TE modes. Figure 2.9 b) d) f)
displays the electric field in y direction and TM modes. Where the core is in-
tersected with opposing boundaries, Figure 2.9 a) and b), the field is strongly
confined in the core and exhibits an effective refractive index of 1.5898. At the
identical intersecting boundaries the electric field leaks heavily into the cladding
in the transversal, Figure 2.9 e) and f), and lateral, Figure 2.9 e) and f), direction,
and exhibits a refractive index of 1.5718.
The field confinement in Figure 2.9 a) and b) indicates the existence of the
fundamental TE00 and TM00 mode. The effective index of 1.5898 lies well be-
tween the cladding and core index. The field distribution in Figure 2.9 c) and d)
indicates the TE01 and TM01 modes. The large extension of the evanescent field
into the cladding implies that the mode is very weakly guided. The fact that its
effective index is below that of the cladding material underpins the assumption
these modes are not stable and will leak into the cladding. The TE10 and TM10
modes in Figure 2.9 e) and f) show the same behaviour and are also not con-
sidered stable. It can be concluded that a 3 × 3 µm hollow core infiltrated with
Cargille Series A 1.64 does not support any stable higher order modes. If the
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Figure 2.9: Results of FEM simulation: Field distributions and effective indices
of a 3×3 µm Cargille Series A 1.64 waveguide core surrounded by SU-8 cladding
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waveguide is single mode at room temperature, it follows that it should also be
single mode at higher temperatures, since the index contrast will become smaller
resulting in broader mode and also a lower effective index of propagation.
Temperature dependence of field distribution and propagation constant
A change in evanescent field is necessary to provoke a change in the discrete
diffraction rate. It is expected that if the temperature is increased, the index
contrast is reduced and evanescent field will extend further into the cladding.
Now that the single mode condition is verified, the mode solver can be used
to calculate the lateral field distribution and the propagation constant of the
individual waveguides at varying temperature.
Using the FEM mode solver, the electric field distributions of Cargille Se-
ries A 1.64 waveguide cores with 3 × 3 µm in cross-section surrounded by SU-8
were calculated at a wavelength of 1.55 µm at temperatures from 25 ◦C to 70 ◦C
with the refractive indices of the SU-8 and Cargille Series A 1.64 fluid taken from
Figure 2.8. The temperature range was chosen to limit nonlinear refractive index
changes of the SU-8 and Cargille fluid. The polarisation was forced to be TE.
In order to obtain a quantitative measure for lateral extension of the evanescent
field, the width of field distribution when the field has dropped to 1/e of the
maximum value is displayed. The graph in Figure 2.10 shows the width of the
field distribution. The 1/e width of the evanescent field in the lateral direction
increases from 3.57 µm at 25 ◦C to 4.44 µm at 70 ◦C. The insets show the field
distribution at 25 ◦C and 70 ◦C.
It is clearly visible that with increase in temperature and related decrease in
index contrast, the evanescent field also increases. This indicates that confinement
of the light is weaker. The increase in evanescent field will cause a greater overlap
with the adjacent waveguides and hence should result in stronger coupling and
more rapid lateral light spreading across the coupled waveguide array.
Having verified that the infiltrated waveguides are single mode and the evanes-
cent field of the individual waveguides increases with increasing temperature, it
will be interesting to investigate how the coupling between waveguides and the
lateral spreading of light behave once light actually propagates through the array.
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Figure 2.10: Horziontal width at which field distribution dropped to 1/e for
3 × 3 µm liquid Cargille Series A 1.64 waveguide cores in SU-8. Insets show the
field distribution at 25 ◦C and 70 ◦C
2.3.4 Beam propagation analysis
It has been shown that temperature can be used to tune the extension of the
evanescent field of the guided mode of the liquid-core waveguides. It needs to
be determined if the waveguides can be positioned in such a way as to enable
discrete diffraction, and to investigate if the change in field overlap between the
waveguides is large enough to significantly alter the lateral spreading of light due
to discrete diffraction. In order to analyse the light propagation through the
array, a 3D beam propagation method (BPM) simulation is carried out.
A 10 mm long array of 21 waveguides realised as 3 × 3 µm within the SU-8
microchannels infiltrated with Cargille Series A 1.64 liquid was modelled for a
range of temperatures from 30 ◦C to 55 ◦C in 5 ◦C steps and the refractive indices
of the Cargille fluid core and SU-8 solid cladding was adjusted according their
thermo-optic coefficients of −4.59 × 10−4/K and −9.6 × 10−5/K, respectively.
The waveguides had a centre-to-centre separation of 9 µm. The TE00 mode for
a single waveguide was calculated and launched into the centre waveguide at a
wavelength of 1.55 µm. Rsoft’s Beamprop BPM tool was used for the simulation.
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Figure 2.11: Topview of 3D-BPM simulation of 3 × 3 µm Cargille Series A 1.64
cores enclosed in SU-8 for 9 µm centre-to-centre separation at 30 to 55 ◦C (a-f).
The length of the sample with 10 mm is relatively long compared to the
compared to the maximum width of the weakly coupled discretely diffracted
light the over 90 µm for the 10 waveguides on ether side. Even if the most outer
waveguide is reached the divergence angle is only 0.52◦ which is well inside the
paraxial approximation required for an accurate result of the BPM. Thus BPM
is representing a suitable alternative to more computational intensive methods
like finite difference time domain (FDTD).
Figure 2.11 shows a BPM simulation of the temperature-dependent light prop-
agation through such an infiltrated waveguide array. With increasing tempera-
ture, the light spreads to the adjacent waveguides after a shorter propagation
distance. This leads to a broader output of light after 10 mm of propagation
length. At temperatures of 50 ◦C and 55 ◦C, a power minimum in the centre
waveguide is clearly visible. With further increase in temperature, the position
of this minimum moves closer to the start of the waveguide array, indicating the
formation of two side lobes coupling away from the centre, a characteristic of
discrete diffraction.
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Figure 2.12: 3D-BPM results showing width of region where 70% of the output
power is located, after light propagation through a 10 mm long Cargille Series A
1.64 infiltrated SU-8 waveguide array with 3×3 µm liquid cores and 9 µm centre-
to-centre separation. Dashed black lines show the width between the centres of
1 (3 µm) 3 (18 µm), 5 (36 µm), 7 (54 µm) and 9 (72 µm) waveguides.
The lateral spreading occurs more rapidly with increased temperature because
the temperature increase results in reduction of the refractive index contrast of the
core and cladding material which causes weaker guiding and a further extension
of the evanescent field into the cladding. This extension of the evanescent field
results in a larger field overlap with the adjacent waveguides. Since the coupling
between waveguides is directly proportional to this field overlap, the light spreads
laterally after a shorter distance.
In order to quantify the discrete spreading of light observed in the BPM sim-
ulation, the width of the output power distribution of the BPM was determined.
The solid blue line in Figure 2.12 shows the width after 10 mm propagation
where 70% of the output power is contained. The dashed lines show the centre-
to-centre separation of 1, 3, 5, 7 and 9 waveguides. The width increases discretely
with plateaus at the centre-to-centre separation of odd numbers of waveguides
at 18 µm, 36 µm, 54 µm and 72 µm. Between these plateaus there are discrete
jumps in width.
The results of Figure 2.12 underpin the discrete character of the lateral diffrac-
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tion in coupled waveguides. The majority of the field is concentrated inside the
discrete waveguide cores, while is evanescent adjacent to the waveguide cores.
Using Cargille Series A 1.64 fluid infiltrated into the SU-8 waveguide array with
3 × 3 µm waveguide cores and 9 µm centre-to-centre separation it is predicted
that a large enough change in temperature will cause a change in the number of
waveguides the output intensity is distributed.
Having found suitable parameters for waveguide geometries and core sepa-
ration to realise a temperature dependent change in coupling behaviour, it is
now possible to experimentally realise of such a temperature tunable optofluidic
waveguide array to demonstrate fluid-tunable discrete diffraction.
2.3.5 Waveguide array fabrication
The simulation of Section 2.3.4 and Figure 2.12 suggest that a 3×3 µm liquid-core
waveguide array platform will support a significant change in discrete diffraction
upon a temperature-induced change in the fluid’s refractive index. It is predicted
that a device with these dimensions can be practically realised with the introduced
SU-8 dry film lamination technique.
The hollow waveguides were fabricated based a dry film lamination techniques
outlined in Section 2.2.2 and the parameters listed in Table 2.1 but with a reduced
dimensions to accommodate for the 3×3 µm hollow core of the single mode fluid-
infiltrated waveguides simulated in Section 2.3.3.
The endfaces of the diced chips were investigated using a Scanning Electron
Microscope (FEI Nova Nano SEM). Figure 2.13 shows the SEM micrographs
of the cross-section. The open channels of the hollow waveguides can be easily
identified. The sidewalls are reasonably straight and the channels did not collapse.
The channel dimensions were 2.9 µm by 2.86 µm which are slightly smaller than
the anticipated 3 × 3 µm. The left sidewalls appear not as smooth as the right
ones. This is probably due to dicing residue as discussed in Section 2.2.3 . Some of
the channel inlets were partially blocked with particles. These particles are most
likely silicon dust created during the dicing process, but would not be anticipated
to adversely effect experimental characterisation.
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Figure 2.13: SEM micrograph of 3× 3 µm hollow waveguides with 9 µm centre-
to-centre separation
Having successfully fabricated waveguide arrays with 3 × 3 µm hollow cores
with 9 µm centre-to-centre separation, the waveguide arrays can be infiltrated
to investigate the guiding properties and the existence and fluid-tunablity of the
discrete diffraction.
2.3.6 Experimental demonstration
Now that Section 2.3.5 has shown that a suitable waveguide array can be fabri-
cated, it is possible to experimentally investigate whether this platform can indeed
be used to demonstrate the temperature tuned discrete diffraction behaviour that
was predicted through numerical simulation in Section 2.3.4. The temperature-
dependent coupling behaviour can be investigated and compared with the BPM
simulations. It is expected that the fabricated waveguide array should show some
form of discrete diffraction and that the rate of discrete diffraction should be al-
tered by changing temperature and hence the index contrast between the fluid
and the SU-8. In addition, if the waveguide platform is indeed uniform, it would
be expected that the output beam profile should be symmetric as the coupling
to the waveguides in the array on either side should be equal.
The fabricated 10 mm long waveguide arrays with 100 3× 3 µm hollow cores
and 9 µm centre-to-centre separation were infiltrated with Cargille Series A 1.64
refractive index liquid. Because of their small size the hollow channels could
easily be filled utilising capillary action. The waveguide array was simply placed
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into the refractive index liquid as shown in Figure 2.4. After about 20 min, the
sample was filled via capillary action. The sample was then placed on XYZ-
stage. Microscope glass slides were clamped on the end of the sample to prevent
leakage of the refractive index fluid. The guiding capabilities were tested using
a 10 ps pulsed laser at 1.55 µm wavelength. The laser light was focused into
the sample through a 40x microscope objective. The output endface was imaged
onto a CCD camera using 10x microscope objective. The sample was heated to
60 ◦C and the cooled down to room temperature. During the cooling process a
sequence of images was taken. The output intensity distribution was measured
at temperatures of 55, 45, 40 and 35 ◦C.
The bottom half of Figure 2.14 shows an image capture of the intensity dis-
tribution at the output end face. The top half of Figure 2.14 depicts a top view
image of the power distribution obtained from the BPM simulations. At 35 ◦C,
the measured output intensity distribution shows that the light is mainly con-
fined within the three centre waveguide cores as seen in Figure 2.14(a). A small
amount of light is visible in the adjacent waveguides on the left and right side of
these three waveguides. At a temperature of 40 ◦C, in Figure 2.14(b), the amount
of light in the outer of these five waveguides is slightly increased. At 45 ◦C, the
light is predominantly concentrated in the five centre waveguide cores as shown in
Figure 2.14(c). Finally, at 55 ◦C, in Figure 2.14(d), the main portion of intensity
is spread across six waveguides around the excitation waveguide. The excitation
waveguide itself carries low intensity.
The measured intensity profiles qualitatively confirm the expectations gath-
ered the BPM simulations made in Section 2.3.4. At low temperatures, the light
is more confined laterally because of the relatively large index contrast between
the liquid and SU-8 and hence, there is weak coupling between the waveguides.
As the temperature is increased, the index contrast decreases and the coupling
becomes stronger because of the larger field overlap and hence the spreading
increases. A significant cancelation of light in the centre waveguide core is ob-
served at 55 ◦C. This could only occur, if the waveguides are single mode and
the coupling is symmetric and the losses are uniform. The dark central waveg-
uide indicates that the waveguide arrays exhibit discrete diffraction which can be
tuned using temperature.
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Figure 2.14: Modelled distributions predicted by BPM of the optical distribution
along the waveguide array (input: top of image) and measured responses recorded
by imaging the exit facet of the fluid infiltrated array at different times during
cooling. The corresponding temperatures are (a) 35 ◦C, (b) 40 ◦C, (c) 45 ◦C, and
(d) 55 ◦C. The measurements were taken by Francis Bennet of the non-linear
physics group at ANU, Canberra, Australia
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Figure 2.15: Width of region where 70% of the output power is located, after
light propagation through a 10 mm long Cargille Series A 1.64 infiltrated SU-8
waveguide array with 3×3 µm liquid cores and 9 µm centre-to-centre separation.
3D-BPM simulation results (blue solid curve) and red crosses show the measured
results at 35 ◦C (a), 40 ◦C (b), 45 ◦C (c), 55 ◦C (d). Dashed black lines show the
width between the centres of 3 (18 µm), 5 (36 µm) and 7 (54 µm) waveguides.
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In order to obtain a more quantitative result, the pixel brightness values
of the measured CCD camera images were analysed. To obtain a measure of
the total intensity, the brightness values of the pixels in a rectangle spanning
the whole width of the image were summed. The width of the rectangle was
successively reduced until the sum of the pixel brightness reached 70% of the
cumulative brightness values of all pixels. The red crosses in Figure 2.15 show
the determined width of the rectangle and thus the width 70% of the intensity
resides.
The blue solid curve in Figure 2.15 illustrates the width of 70% output power
as calculated with the BPM in Section 2.3.4. The dashed black lines indicate
the centre-to-centre separation of the outermost waveguides of sets of 3, 5 and 7
waveguides. With an increase in temperature from 35 ◦C to 40 ◦C, the measured
width of 70% out power slightly increases from 21.2 µm to 21.9 µm. Once the
temperature is further increased to 45 ◦C and 55 ◦C the width increases to 34.7
and 48.5 µm.
As can be seen in Figure 2.15, the trend of the simulated widths of the BPM
of Section 2.3.4 is matched by the measured widths. The small increase in width
observed between 35 ◦C and 40 ◦C and the abrupt increase in width observed
between 45 ◦C and 55 ◦C matches the characteristics of the simulated change in
intensity distribution with plateaus in width predicted for odd waveguide num-
bers and abrupt increases predicted between them. The pulsed laser in the ex-
periment had a spectral bandwidth of 0.3 nm. The finite bandwidth would result
in some loss of coherence in comparison of the wavelength assumptions made in
the simulation.
It was demonstrated theoretically and experimentally that discrete diffrac-
tion, a periodic guidance phenomenon, can be realised in low-cost fluid-infiltrated
polymer waveguide arrays. The high-index fluid enabled guidance and coupling
between liquid core. By tuning the temperature the fluid refractive index could
be modulated allowing the observation of fluid-tunable discrete diffraction. In
addition, the demonstrated platform confirmed that the liquid-core waveguides
are showing single mode behaviour.
The platform shows a qualitative proof of concept that temperature can be
used to tune discrete diffraction in waveguide arrays infiltrated with high index
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fluids. To practically implement this concept, for example for biosensing, the
platform should be altered slightly to accommodate for the quantitative sensing of
aqueous solutions. Possible avenues for these changes are discussed in Section 2.4.
2.4 Possible application for sensing
Having shown that discrete diffraction can be achieved in the presented infiltra-
tion platform, it would be advantageous to explore possible alternate modifica-
tions of this platform. In the demonstration above, the high index waveguide
cores were fluids and this structure was used for temperature sensing. In prac-
tice, very few fluids of interest will have such a high refractive index. In order
to work with more practical fluids it would be necessary to treat the fluid as a
cladding material and hence an alternate core material would need to be pro-
vided.The evanescent field of the waveguides would then interact with refractive
index changes in the fluid. Tunable coupling phenomena relying on evanescent
fluid-interaction have been investigated in multi-channel interference couplers [73]
and multi-channel directional couplers with 3 or 5 waveguides [71]. Evanescent
fluid-tunable coupling in planar waveguide arrays utilising discrete diffraction and
thus avoiding back coupling into the central launch waveguide remain unexplored.
The periodic nature of the waveguide arrays also enables more peculiar guid-
ing phenomena [74]. One the these guiding mechanisms are periodically occurring
Bloch Oscillations as light propagates along a waveguide array with slightly bias
refractive index gradient across the waveguides [75]. Waveguide arrays can be
designed such that light can use Bloch Oscillation to tunnel between propagation
bands [76]. This process is called Zener tunnelling. The use of Zener tunnelling
has been proposed to generate period and aperiodic Zener-Bloch-Oscillations
with a unique propagation signature [77]. The disturbance of these Zener-Bloch-
Oscillations by the changes in the refractive index of the surrounding medium
may open up a new avenue in high sensitivity refractive index sensing.
It has been shown that doping SU-8 with Rhodamine 6G not only makes it
fluorescent, it can also increase its refractive index. Hence a brief experiment was
conducted to adjust the lamination approach of 2.2.2, replacing the waveguide
core layer with Rhodamine 6G doped SU-8.
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Figure 2.16: Top view of discrete diffraction in Rhodamine doped waveguide cores
It was predicted that if the refractive index of the SU-8 could be increased by
doping it with Rhodamine 6G, then it should be possible to guide light through
the SU-8 material itself and evanescently interact with an infiltrated fluid. If an
array of such waveguides were implemented, then discrete diffraction should be
observable. If the waveguides were excited with a green laser at a wavelength
of 532nm, then the Rhodamine should fluoresce. Hence, it should be possible
to observe the path of the light within the Rhodamine doped waveguide cores
by observing the fluorescence of the sample from above. A waveguide array was
fabricated consisting of 100 3 x 3 µm Rhodamine 6G doped SU-8 waveguide cores
with a centre-to-centre separation of 7 µm. The hollow channels were infiltrated
with Cargille Series A 1.61 immersion liquid and coherent light at a wavelength of
532 nm was launched into one of the Rhodamine doped cores. Figure 2.16 shows
the top view of the 600 µm of propagation in the sample. The fluorescence gener-
ated by the Rhodamine doped SU-8 cores indicates the light propagation through
the waveguide array. First signs of discrete diffraction can be clearly observed.
The coupling appears very symmetric suggesting that fabrication tolerances of
the waveguides are not affecting the coupling significantly. The waveguide array
has sufficient waveguide cores to avoid self-imaging at the waveguide array edges.
This type of operation of the planar fluid-infiltrated waveguide platform sug-
gests new avenues for applications in fluid sensing. Since the evanescent field of
the waveguide is now interacting with the fluid, the refractive index of the fluid
can be lower than that of SU-8, potentially allowing the use of water-based fluid
to be utilised for bio-sensing.
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The waveguide array showing fluid-tunable discrete diffraction in Section 2.3
was investigated by analysing images of the output endface. While the fluid-
tunability of the discrete diffraction could be shown qualitatively, a device used
for sensing would require an implementation allowing more quantitative measure-
ments. This could be achieved investigating the change of optical power in on
or multiple waveguide at the output endface. An alternative to imagining of the
endfaces of the waveguide array could be the imaging of the evanescent fields of
the waveguides using scanning tunnelling optical microscopy, as described in [78].
As outlined in Section 2.3.2 the amount of discrete diffraction is dependent on
the index contrast between the analyte and the structural waveguide material.
Water has a thermo-optic coefficient in the order of −2 × 10−4/K [79] while
the thermo-optic coefficient of SU-8 is −9.6 × 10−5/K [72]. Hence, a change
of 1 K in temperature would similar provoke a change in discrete diffraction
similar to a change in fluid index by 10−4. A possible solution to compensate the
temperature dependence would be to perform a simultaneous measurement on a
similar waveguide array that is made of a material with a different thermo-optic
coefficient to SU-8. By comparing both measurements changes in temperature
induced index contrast change can be isolated.
Fluctuations of the source wavelength may also influence the amount of dis-
crete diffraction because of the different material dispersion of the analyte and
SU-8. Those can be minimised by moving to a continuous wave laser source with
a narrow spectral line width or by performing a output power measurement at
multiple wavelength and analysis of the change in the output power spectrum.
The platforms strength lies in its versatility and ease of fabrication. The
platform allows the implementation of longitudinal variations, such as gratings
[80], Y-splitters [81] or Mach-Zehnder Interferometers [82]. Being planar, the new
platform is also highly compatible with existing lab-on-chip environments based
on PDMS microfluidic channels [38].
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2.5 Conclusions
In this chapter, a novel planar fluid-infiltrated waveguide array platform was pre-
sented. The platform was realised by employing a combination of traditional
photo lithography and lamination of SU-8 polymer dry films to create sealed
hollow micron-scale channels. Using capillary action, these channels could be
infiltrated with high refractive index liquid to allow high index liquid core waveg-
uides.
An array of these liquid core waveguides was designed and modelled using
modal analysis and beam propagation analysis to investigate its guiding prop-
erties. The simulations predicted that at wavelength of 1.55 µm the individual
waveguides should support only a single mode and should be sufficiently cou-
pled to allow lateral spreading of light via discrete diffraction. The modelling
also revealed that the rate of discrete diffraction could be significantly altered by
modification of the index contrast between the high index Cargille liquid cores
and the lower index SU-8 solid cladding materials. It was found that this index
modification could be achieved with temperature due to difference in thermo-optic
coefficients of the two materials.
Based on the modelling results, a hollow waveguide array with the appro-
priate dimensions was fabricated from SU-8 and infiltrated with Cargille fluid
and discrete diffraction was experimentally demonstrated. Increasing the tem-
perature resulted in a decrease of index contrast between the liquid core and the
SU-8 cladding. The guidance behaviour showed the expected increase in the rate
of discrete diffraction. The discrete diffraction occurred uniformly and symmet-
rically on both sides of the excitation waveguide. At larger temperatures, the
output intensity of the excitation waveguide became dark confirming the single
mode behaviour of the presented waveguide platform.
Previously reported fluid-infiltrated waveguide platforms mainly consisted of
infiltrated hollow core photonic crystal fibres. Due to the 2-D nature of the fibre,
light of the excitation waveguide was coupling to multiple waveguides simulta-
neously. Small irregularities of the fibre (e.g. due to nonuniform hole size) are
expected to limit the symmetry of the discrete diffraction [24]. In addition, the
fibre based platform do not allow to easily observe the light propagation along
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the waveguide. The presented planar polymer waveguide platform represents a
robust alternative to fluid-infiltrated photonic crystal fibres because the coupling
is occurs to two adjacent waveguides in contrast to 6 in hexagonal arrangements
in photonic crystal fibres. Thereby may enable the observation of additional
symmetric coupling cycles as the light propagates along the waveguide.
In a possible future implementation, the planar platform offers greater flex-
ibility compared to fibre-based alternatives. The photolithographic fabrication
techniques used to realise this planar waveguide platform allow the inclusion of
longitudinal variations to realise more sophisticated photonic components, such
as gratings and Y-splitters and allow variations of the array spacings along the
length of the array. Bulk modification of the core layer with fluorescent dyes
like Rhodamine may enable evanescent field sensing of water-based fluids with
visualisation from the top, offering potential application in label-free bio-sensing.
The planarity of the structure should allow straightforward integration of the
platform in integrated lab-on-chip systems.
The platform studied in this chapter was a uniform fluid infiltrated array.
While this demonstrated a significant degree of flexibility, more sophisticated
behaviour could be expected if a defect were included within the array such
that the band-gap behaviour of the array could be utilised. Such structures are
considered in the next chapter.
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Chapter 3
Fluid-tunable transition from
trapping to discrete diffraction
3.1 Introduction
A fluid dependent switch between two different states of light propagation is the
basis of many optofluidic systems. This transition between two guiding schemes
can either be used to control the light propagation [83] or perform an analysis for
the fluid’s properties [4]. An abrupt and sharp transition is often desirable be-
cause it suggests a large sensitivity or a large amount of control. Some examples of
this transition between two light propagation schemes include switching between
refraction and total internal reflection [84], reflection and transmission through
a grating [85], constructive and destructive interference in interferometer [86] or
switching propagation and forbidden band in a photonic crystal fibre [87], to
name just a few examples.
In Chapter 2 the fluid-tunable change of the rate of discrete diffraction in
a planar fluid-infiltrated waveguide array was explored. A thermally induced
change of the refractive index of the liquid waveguide array cores caused the
modulation of the field overlap between the waveguides within the array and
hence changed the rate of discrete diffraction. All the waveguides within the
array were identical and only the coupling strength between the waveguides was
tuned by changing the fluid’s refractive index. The kind of the guiding scheme
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was not altered, remaining as discrete diffraction for the complete investigated
temperature range. It is worth exploring if the transition between two different
guiding mechanisms in a planar waveguide array can be made fluid-tunable.
Coupled waveguide arrays, or photonic lattices, have become an area of active
research interest due to their extraordinary capabilities to manipulate light prop-
agation. The discrete character of coupled waveguide arrays enables the control
of light propagation in peculiar ways [19, 30]. About four decades ago, it was
shown by Somekh et al. [67] that light coupled into a homogenous waveguide
array diffracts in the form of two major side lobes diverging away from the input
waveguide. This phenomenon, called discrete diffraction, can be used to control
the lateral spreading of light via the coupling between the individual waveguides
in the array [20]. This mechanism was discussed in detail in Chapter 2, and was
the basis of the demonstrated device studied in that chapter. However, if the pe-
riodicity of the array can be broken, then the guiding behaviour within the array
can be modified [88]. A structural defect waveguide can be introduced into the
array to allow the formation of guided defect modes [89]. Light can be trapped
in a defect waveguide, even if the surrounding array exhibits a higher effective
index [89]. This extra-ordinary guiding behaviour offers interesting prospects in
conjunction with tunable and reconfigurable waveguides.
Even though, a lot work has been done to exploit non-linearity to enable
tunable guidance in planar waveguide arrays, by the means of solitons [18], the
regime of fluid-tunable planar waveguide arrays remained largely unexplored. The
use of liquid crystals to dynamically modulate the index contrast of a waveguide
array was used to switch between normal and discrete diffraction [90] is one of
the few examples where fluids are used in conjunction with waveguide arrays.
Apart from an evanescent directional coupler consisting of five waveguides [71],
examples showing fluid-tunable switching of the guidance properties in planar
waveguide array for sensing of aqueous liquids could not be found in literature.
Thus this chapter explores planar fluid-interfaced waveguide arrays which in-
clude a defect. In particular, the chapter investigates whether a change of the
fluid refractive index can alter the light propagation through the defect from
a situation where light is spread laterally over multiple waveguides via discrete
diffraction to a state where light is trapped in a single waveguide core. In ad-
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dition, fluid interfaced waveguide array configurations are sought which enable
a fluid-tunable transition between defect trapping and discrete diffraction when
the fluid has a refractive index close to water. Finally, an attempt is made to
realise optofluidic devices utilising this transition and the observed performance
is analysed in comparison to the theoretical predictions.
A sensing scheme to enable such a transition is first investigated theoretically.
Novel waveguide array platforms are designed, modelled and fabricated to test
experimentally, if a fluid dependent transition between discrete diffraction and
trapping in planar waveguide arrays is possible.
It follows a brief outline of the chapter. In Section 3.2 the theoretical back-
ground of optical propagation in waveguide arrays is explained. Section 3.3 in-
vestigates the fluid-tunable transition between discrete diffraction and trapping
in a defect waveguide core with difference in width to the other array cores. In
Section 3.4 the fluid-dependent transition is analysed for a defect core with differ-
ence in width and height. Section 3.5 introduces a defect waveguide core that is
shielded from the fluid using polymer cover and investigates the fluid-tunabilty of
the transition. In Section 3.6 the wavelength dependent transition between trap-
ping and discrete diffraction is modelled in a waveguide array with a shield defect
core. In Section 3.7 the waveguide array with the shielded core is fabricated and
in Section 3.8 the fabricated device is experimentally tested. Section 3.9 compares
the measured sensitivities to other refractive index sensing concepts. Section 3.10
concludes this chapter.
3.2 Optical propagation in waveguide arrays
Before attempting to design a waveguide array with a defect, it will be beneficial
to review some of the principles that govern optical propagation in waveguide
arrays. Firstly, a brief review of the band-structure that can be expected in
periodic arrays will be presented and following this, the impact of introducing a
defect to this array is discussed. Finally, a proposal for how these effects might
be used to achieve fluid tuned optical propagation through the array is presented.
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3.2.1 Band structures
As introduced in Section 2.3.1, light travelling through homogeneous waveguide
arrays undergoes discrete diffraction. The light couples from waveguide to waveg-
uide and spreads in the form of two distinct side lobes as it propagates along the
array [67]. The rate of discrete diffraction can be controlled through the inter-
action of the individual waveguides. The development of modal amplitude An of
the nth waveguide can be described via coupled mode theory:
(
i
d
dz
+ β0
)
An + C(An−1 + An+1) = 0 (3.1)
where β0 is the propagation constant of one isolated array waveguide and C
is the coupling coefficient between these waveguides in the array. The allowed
propagation states in an infinite waveguide array form distinct propagation bands.
Light is only allowed to propagate through the array if its propagation constant
lies within one of these bands. If the centre position of first band is at the
propagation constant β0 then the upper (βU) and lower (βL) band edge can be
described according to [20]:
βU = β0 + 2C
βL = β0 − 2C
(3.2)
3.2.2 Defect waveguides
For light to be guided in a single waveguide, without lateral spreading, it must be
trapped in a defect mode. The propagation constant of this defect mode must be
situated outside of the propagation band of the array. The propagation constant
of the defect mode either lies above βU or below βL. If the propagation constant
lies above βU , then the defect mode is guided via total internal reflection since
the adjacent areas exhibit lower propagation constants. In this case the defect
mode is called unstaggered [89]. If the propagation constant of the defect mode
is below βL, it is guided through band gap effects and is called a staggered defect
mode [89]. In practice, a defect waveguide can be realised through variation of
the dimensions of one of the cores of the waveguide array.
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3.2.3 Fluid-tuned transition from trapping to discrete
diffraction
Consider an array as illustrated in Figure 3.1(a). The top cladding of the array
is a fluid with varying index. A defect waveguide is located in the centre of the
array. At a particular wavelength, the waveguide array is engineered such that for
low fluid indices (nfl), the isolated defect index is within the allowed propagation
band of the array. Hence no defect mode exists and any optical power launched
into the defect waveguide will couple away via discrete diffraction. The defect
waveguide is engineered so that it has a more or less strong fluid interaction
than the rest of the waveguide array. Thus, if the fluid index is increased, the
propagation band of the array will rise at a smaller or greater rate than the defect
index. At a particular fluid index, the propagation band will move below or above
the defect. A guided unstaggered or staggered defect mode will start to exist and
light being trapped in the defect waveguide. This behaviour is illustrated in
Figure 3.1(a).
A similar transition from staggered guiding in the defect to coupling away
should be observed with changing wavelength as illustrated in Figure 3.1(b). The
dispersion of the defect and array waveguides will be significantly different due to
the low index of the fluid which is strongly coupled to the array but is only weakly
coupled to the defect. As the wavelength is increased, the array waveguides will
interact more strongly with the fluid and thus the index of the propagation band
will drop significantly, while the index of the waveguide will drop to a much lesser
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Figure 3.1: Operation principle: a) Increase in defect waveguide’s output power
due to a change from discrete diffraction to defect trapping upon increase of fluid
index, b) drop in defect output power upon a change in wavelength, c) shift of
wavelength dependent transition due to change in fluid index.
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degree. Hence, as the wavelength is increased, at a particular wavelength, the
propagation band of the array and the index of the defect will coincide and the
staggered mode of the defect will transition from guiding to coupling away. This
behaviour is illustrated in Figure 3.1(b).
If these two effects are combined, then it would be expected that the wave-
length at which the transition from guiding to diverging aaay is observed would
depend strongly on the index of the fluid as illustrated in Figure 3.1(c). This
concept seems a promising configuration for a refractive index sensor and is in-
vestigated in more detail in the upcoming sections.
3.3 Fluid index dependent transition using
defect of different width
One of the simplest approach to create a defect in a homogeneous waveguide array
is to increase or decrease the width of one of the waveguides cores [89]. Figure 3.2
depicts a schematic of the cross-section of a polymer waveguide array submerged
in fluid with a defect waveguide core with an increased width. If the difference
in width is large enough, the propagation constant of the defect waveguide mode
will be above the propagation band of the surrounding waveguide array. The
light will be guided in the defect core, as reasoned in Section 3.2.2. If the defect
core is wider than the array cores, the light in the isolated defect core will be
more confined than in an isolated array core. If the light is more confined, it
will have a smaller field overlap with fluid. Hence, the propagation constant of
the defect will depend less on the refractive index of the fluid than waveguides
in the array. If the effective index of the individual waveguides in the array
depend strongly on the fluid index, then the band of effective indexes in which
propagation through the array is allowed will also be strongly dependent on fluid
index. This difference in fluid index dependence suggests that the defect may be
designed such that its propagation constant intersects with the propagation band
of the array at a particular fluid index. This intersection will be marked by a
transition between guidance in a defect mode and coupling off across the array
via discrete diffraction. A similar transition should be possible if the propagation
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constant of a waveguide is smaller in width and is located below the band.
Thus, in order to achieve a transition from discrete diffraction to band-gap
guiding, it is necessary for the effective index of a defect waveguide to transition
from being outside the allowed propagation band of the array to within the al-
lowed propagation band of the array with a change in fluid index. This section
explores whether such a transition is possible if the defect is defined by simply
changing the width of one of the waveguides in the array.
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Figure 3.2: Schematic of cross-section of infinite SU-8 channel waveguide array
platform with center defect waveguide of different width
In order to assess the optical guidance behaviour of a specific waveguide array
and defect waveguides, a 2-D mode solver based on the finite element method
(FEM) [91] was employed. The defect waveguide is considered in complete iso-
lation and to model the band edges of the propagation band of the array, an
infinite array is assumed. One of the key ideas behind the proposed waveguide
array platform is that once light is coupled from the defect waveguide into the
surrounding waveguide array, it is considered lost. Solely the change of power
in the defect waveguide is analysed. The array is designed with a large enough
number of waveguides and limited length to avoid coupling of light back into the
central waveguide via self-imaging. Hence, the finite array surrounding the defect
waveguide to can be approximated by infinite array of homogeneous waveguide
cores. As outlined in Section 3.2.1, such an infinite array is characterised by
distinct propagation bands.
The propagation constants of the edges of these propagation bands can be
easily determined solving for the Bloch modes using a 2-D mode solver based
on the finite element method (FEM) under the appropriate boundary conditions.
The upper band edge is characterised by the lowest order Bloch mode which
has no zero crossings between the waveguides and schematically displayed in
53
3. Fluid-tunable transition from trapping to discrete diffraction
Figure 3.3 a). In practise this Bloch mode can be calculated using FEM by
exploiting mirror symmetric forced by the boundary conditions. The dashed
rectangle shows the FEM simulation window. All waveguides were designed to
be single mode and TE polarised (with the electric field horizontally oriented).
Both the left and right boundary conditions of the simulation window are perfect
electric conductors (PEC). Hence, the electric field of the TE mode is not forced
to zero and the lowest order Bloch mode can be determined.
In order to find the effective index of lower band edge, the highest order
Bloch mode has to be found. This Bloch mode has zero-crossings between each
waveguide as shown in Figure 3.3 b). Hence, it can be forced by imposing a
perfect magnetic conductor (PMC) boundary condition that is in between the
waveguides as labelled in Figure 3.3 b).
Figure 3.3: Schematic of field of lowest (a) and highest (b) order Bloch mode to
define the propagation constant of the upper and lower band edge in an infinite
waveguide array. Dashed rectangles indicate the simulation windows of the finite
element mode solver and perfect electric conductor (PEC) and perfect magnetic
conductor (PMC) boundary conditions.
The proposed planar platform is consisting of channel waveguide cores made of
SU-8 (nco = 1.572) on a silica (SiO2) substrate (nsub = 1.444) submerged in fluid,
as depicted in Figure 3.2. The refractive index range of the fluid (nfl) is defined
from 1.3 to 1.36 to able to use the platform for potential bio-sensing application
involving water-based fluids. The array waveguide cores are 1.5 µm in width
and 2.2 µm and in height. The centre to centre separation of the waveguides is
3 µm. The defect core is simulated with different widths wd = 1.4 µm, 1.48 µm,
1.49 µm, 1.51 µm and 1.6 µm.
The calculated propagation band of the array as a function of fluid refractive
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Figure 3.4: Results of the modal analysis: Propagation band of the isolated
waveguide array with 1.5 µm wide and 2.2 µm high SU-8 array cores and isolated
defect cores with different widths
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index is shown in Figure 3.4 indicated by the blue band. The position of the band
increases with fluid index. The band also broadens with increasing fluid index,
due the increase of the evanescent field overlap with neighbouring cores because
of the reduction of the index contrast between the cores and the surrounding
fluid. The propagation constants of the defect waveguides are displayed as solid
and dashed black lines. At defect widths of wd = 1.48 µm, 1.49 µm, 1.51 µm,
the defect propagation constant is close to propagation band of the array but its
slope is similar to the slope of the propagation band. If a shift of the propagation
constant of the defect into the propagation band of the array occurs at all, it
happens very gradually. At wd = 1.4 µm and 1.6 µm, the two gradients become
more distinct but the propagation constant of the defect is located so far away
from the propagation band of the array that they cannot intersect.
It can be concluded that for this platform, solely the variation of the defect
waveguides width is not enough to allow a significant shift of the defect prop-
agation constant into the propagation band of the array. It appears that an
additional parameter of differentiation may be needed to create a defect which
simultaneously has a difference in the slope of its propagation constant to the
slope of the propagation band of the array and also has a propagation constant
that is in close proximity to the edges of the propagation band of the array.
3.4 Fluid-index transition of array with defect
different in width and height
In order to achieve a fluid-index controlled transition between trapping of light
in a defect waveguide and coupling off via discrete diffraction, the defect propa-
gation constant needs to fulfil two requirements. Firstly, the change of the defect
propagation constant with fluid index needs to be different to the change of the
position of the propagation band so that both can intersect. Secondly, the defect
propagation constant needs to be of a value that is close to the band edge of the
array. Section 3.3 showed that changing solely the width of the defect compared
to the other cores of the array could not fulfil both conditions simultaneously.
As a specific example, when the defect had an increased width, the slope of the
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propagation constant was reduced but the position was much larger than the
upper band edge.
This relationship suggests that another degree of freedom is needed to fulfil
both conditions at once. A simple approach could be the reduction of the height
of the defect core to compensate for the increase in position of the propagation
constant. Thus this section investigates, if a defect core that is different in both
width and height, relative to the other cores of the array, could cause a fluid-index
dependent transition between trapping in a defect and coupling off horizontally
because of discrete diffraction.
3.4.1 Modal and propagation band analysis
Figure 3.5 depicts a schematic of a such waveguide array with a defect that is
larger in width and smaller in height than the surrounding waveguides in the
array. The increased width should flatten the slope of the defect’s propagation
constant in comparison to the propagation band of the array, while the reduction
in height should compensate for the increase in propagation constant that would
be expected from widening the waveguide, bringing the effective index of the
defect mode back into the same range as the effective indexes of the surrounding
array waveguides. Thus, it is expected that if the defect is larger in width and
smaller in height, it should be possible for propagation constant to completely
intersect the propagation band.
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Figure 3.5: Cross-section of the silica based platform with SU-8 cores
The propagation constants for the individual array waveguides and for the
defect waveguide were determined using a similar approach to that used in Sec-
tion 3.3, using a 2D FEM mode solver and TE polarised light at a wavelength of
λ = 1.55µm. The waveguide array resembles the array simulated in Section 3.3,
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with the main difference that the width of the defect waveguide is increased to
2.05 µm and its height is reduced to 1.4 µm. Figure 3.5 depicts a schematic of
the array including the used dimensions.
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Figure 3.6: Results of the fluid index dependent BPM for silica based platform:
a) Effective index (neff) and propagation constant of isolated defect (black line),
and propagation band of waveguide array at varying fluid index. b) Normalised
output power of centre defect waveguide after propagation through array.
Figure 3.6(a) shows the propagation band of the waveguide array as a function
of fluid refractive index, indicated by the blue band. The band is identical to the
one simulated in Figure 3.4. The propagation constant of an isolated defect
waveguide with 2.05 µm width and 1.4 µm height was also modelled using FEM
and is presented as a solid black line in Figure 3.6(a). The propagation constant
of the defect waveguide increases with fluid index but not as rapidly as the array.
At low fluid indices the effective index of the defect waveguide resides above the
band. As the fluid index increases, the defect effective index passes through and
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ends below the propagation band of the array resulting in an intersection with
the upper band edge at a fluid index of nfl = 1.305 and with the lower band edge
at nfl = 1.347.
As predicted, the propagation constant of the defect waveguide crosses the
propagation band of the array. Having established that there is a transition into
and out of the propagation from a modal point of view, it will be interesting
to investigate how the light behaves once it is actually propagating through the
array.
3.4.2 Beam propagation analysis
The modal analysis showed that when using defect core that is larger in width and
smaller in height, the propagation constant of the defect waveguide can perform
a complete crossing of the propagation band of the array. This crossing should
result in a change in guiding behaviour. When the propagation constant of the
defect is above the band, light will be guided in the defect waveguide. When the
propagation constant is crossing the band light will be discretely diffracted away.
When propagation constant of the defect is below the band, light will be guided
again, but in a staggered, band-gap guided mode. If light is launched into the
defect core with dimensions as illustrated in Figure 3.5, the transmission through
this defect waveguide will be either coupled off laterally or guided, depending
on whether the propagation constant of the defect overlaps with the propagation
band of the array.
In order to analyse the propagation behaviour through the waveguide array
the simulation tool BeamPROP from RSoft was utilised. BeamPROP is based
on the beam propagation method (BPM). The system was modelled with 41
waveguides over a length of 5 mm with waveguide geometries and indices as
outlined in Section 3.4.1. A TE fundamental mode of an isolated waveguide at
λ = 1.55µm was launched into the centre defect waveguide. The output power
of the defect waveguide was monitored.
The solid black curve in Figure 3.6(b) shows the normalised transmittance of
the defect waveguide after 5 mm propagation length as a function of fluid index.
At nfl = 1.3, the transmittance is high, but drops exponentially with increasing
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fluid index to a minimum at nfl = 1.32. As the fluid index increases further,
beyond nfl = 1.33, the transmission increases again as the light is resonantly
reflected from the stop-band of the waveguide array. The fluid index range of
the drop in transmittance matches with the crossing of the defect waveguides
effective index with the propagation band. This observation is a clear indication
of a change in guiding behaviour.
The fact that the fluid index range of the drop in transmittance of Fig-
ure 3.6 (b) matches with the crossing of the defect waveguide effective index
with the propagation band of Figure 3.6 (a) suggests that over this fluid index
region, the guiding behaviour changes from light being guided in the defect to
light coupled off into the other array cores because of discrete diffraction.
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Figure 3.7: Field distributions of the light as it propagates through the array
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Figure 3.7 shows the field distributions as light propagates through the array
at fluid indices of nfl = 1.30, 1.32 and 1.36. At nfl = 1.30, the light is mainly
confined in the defect waveguide and a significant portion of the launched field is
evident within the defect waveguide at the output. At nfl = 1.32, there is strong
coupling of the launched light to the array and hence the light spreads in the
lateral direction with almost all of the field being coupled away in the form of
two side lobes. At nfl = 1.36, the light is again confined in the defect waveguide
and most of the launched field remains in the defect at the output.
At nfl = 1.30 the field is confined in the defect waveguide. The defect propa-
gation constant is located above band which causes to the light to be guided in
an unstaggered defect mode. The two side lobes diverging away from the defect
at nfl = 1.32 are a characteristic sign for discrete diffraction. At nfl = 1.36 the
light is confined in the defect waveguide even though the propagation constant
of the defect waveguide is now below the allowed propagation band of the array,
the light is trapped in a staggered mode due to guidance by the band photonic
gap caused by the waveguide array.
At the start of this section, it was hypothesised that if the height and width of
the defect core was made different to array cores, a fluid-index tunable transition
between trapping in a defect waveguide and lateral spreading via discrete diffrac-
tion would be possible. Modal analysis of the defect waveguide showed that it
is, in fact, possible to design an array where the isolated propagation constant of
the defect waveguide crosses the propagation band of the array completely. To
analyse the optical propagation through this array explicitly, BPM analysis was
used. The BPM analysis showed a relatively sharp transition of the defect trans-
mission with change of fluid index. However, a major drawback of the simulated
platform is that a defect waveguide with a different height from the other waveg-
uides in the array is challenging to fabricate. In terms of sensitivity to the fluid’s
refractive index it would be beneficial if the propagation constant of the defect
waveguide would not interact with the fluid at all and thus its propagation would
be fixed upon changes of the fluid’s refractive index. Thus an alternate platform
is investigated that aims to make the defect propagation constant independent of
fluid index to ensure a practical fabrication method.
61
3. Fluid-tunable transition from trapping to discrete diffraction
3.5 Fluid-index transition of shielded defect
array
It was shown in Section 3.3, that if only one dimension of the defect waveguide
is changed, a significant intersection of the defect propagation constant with the
propagation band could not be achieved. Section 3.4 showed that by adjusting two
dimensions, specifically, the defect waveguide width and height, an intersection
of the band was made possible. The fact that as the fluid index was varied,
the defect waveguide could be above the propagation band, below the band or
within the band of the surrounding array, meant that it was possible to achieve
transition from being effectively guided by the band-gap of the array to exhibiting
strong divergence via discrete diffraction into the array with a change in the
fluid index. Such behaviour may present a platform for sensing. However, the
realisation of polymer waveguide arrays with waveguides of different heights is a
challenging fabrication task. In this section, an alternate approach of adding a
second dimension of difference to the defect waveguide is explored.
If the defect core were covered with a material other than the fluid, shield-
ing the defect core from variations in the fluid index, the propagation constant
would be independent of the fluid. If, on the other hand, the surrounding array
waveguides were deliberately exposed to the fluid, then the position of propa-
gation band of this array would still be very dependent on the fluid. Thus, if
the propagation constant of the defect were selected appropriately, it would have
to intersect with the propagation band at some fluid index and thereby enable
transition from light being guided in the defect to it being discretely diffracted
into the array.
3.5.1 Modal and propagation band analysis
Consider a waveguide array, as shown in Figure 3.8. The defect core is shielded
from the fluid by an additional cladding layer of polymer to prevent the defect
from interacting with the fluid. The array waveguide cores have openings in
the polymer cladding to promote interaction with the fluid. If the fluid index is
increased, the propagation band of the array will increase its position, while the
62
3. Fluid-tunable transition from trapping to discrete diffraction
propagation constant of the defect would remain at the same value. Thus if the
propagation constant of the defect is selected to overlap with the array at a low
fluid index, it should pass through the lower band edge of the propagation band
at some fluid index.
In order to investigate, if such fluid-index dependent passing of the band is
possible, the propagation constant of the isolated defect and the propagation
band of the array were simulated using a mode solver based on the finite element
method (FEM) [91]. The propagation band of the array was determined using
Equation (3.2). The coupling strength between the waveguides (C) was calculated
based on Equation (2.3). All waveguides were designed to be single mode and
TE polarised.
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Figure 3.8: a) Top view schematic of the waveguide array. The blue sections
indicate 15 mm long fluid inlets to the waveguide cores. At the 3 mm long
endings the cores are covered with a KMPR cladding. b) Cross-section of the
shielded defect waveguide in the centre of the array and the array waveguide
cores with fluid openings.
A schematic of the plan view and cross-section of the proposed design is
presented in Figure 3.8. The array consists of SU-8 polymer waveguide cores
(nco = 1.572 at 1.55 µm wavelength) enclosed in the epoxy polymer KMPR
(ncl = 1.547 at 1.55 µm wavelength) on a silicon substrate. The array is covered
with fluid. In the centre of the waveguide array the cladding of the array waveg-
uide cores have openings to the fluid, as illustrated by the blue shaded regions
in Figure 3.8(a). The input and output sections all of the waveguide cores are
completely enclosed in KMPR. The defect waveguide is completely enclosed in
KMPR along the whole device length shielding it from the fluid. The dimensions
of the waveguides cores and their spacings are outlined in Figure 3.8(b).
The effective indices (neff ) and propagation constants of the propagation band
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of the array and isolated defect were simulated with fluid index (nfl) varying from
nfl = 1.30 to 1.40 with the wavelength fixed at λ = 1.55µm. The results of the
modal analysis are presented in Figure 3.9(a). The blue shaded region shows the
propagation band of the waveguide array as a function of the fluid refractive index.
The black line shows the calculated propagation constant of an isolated defect
waveguide. It is clear from this response that the effective index of the defect
is insensitive to the fluid index. The position of the propagation band increases
with the fluid index with its lower band edge increasing from neff = 1.55295 to
neff = 1.5535 while the propagation constant of the defect waveguide remains
constant at neff = 1.5531. At low fluid indices, the propagation constant of
the isolated defect waveguide lies within the propagation band and at a fluid
refractive index of nfl = 1.34 the propagation constant of the defect passes the
lower band edge and located below the band from than on.
It was predicted that shielding of the defect core would cause the propagation
constant to be independent from the fluid. Having modelled the shielded waveg-
uide array using modal analysis, it was found that this prediction was validated
and the propagation constant of the defect mode does not change with varying
fluid index. This behaviour confirms that the evanescent field of the defect waveg-
uide does not interact with the fluid. Conversely, the exposure of the cores of
the waveguide array to the fluid renders the propagation band of the array highly
sensitive to the fluid index and thus the band moves relative to the defect effective
index with varying fluid index. This behaviour enables the propagation constant
of the defect to cross the lower band edge as predicted. Thus, at low fluid indices
no defect mode should exist and once the fluid index passes nfl = 1.34 a guided
defect mode should come into existence, enabling the trapping old light within
the defect waveguide.
3.5.2 Beam propagation analysis
The modal analysis of Section 3.5.1 showed that with increasing fluid index, the
propagation constant of the defect waveguide moves out out of the lower band
edge of the propagation band of the surrounding waveguide array. This sug-
gests that the guidance behaviour of the array should change with increasing
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Figure 3.9: Results of the fluid index dependent simulations: a) Effective index
(neff ) and propagation constant of isolated defect (black line), and propagation
band of waveguide array at varying fluid index. b) Normalised output power
of centre defect waveguide after propagation through array. The triangles illus-
trate the fluid indices of the Cargille liquids. Insets: Plan view of array as light
propagates along for fluid indices of (I) 1.30, (II) 1.33, (III) 1.40.
fluid index. The change should occur from a situation where light launched into
the central defect waveguide is coupled off horizontally via discrete diffraction to
a situation where the light is confined within the defect waveguide and can be
transmitted to the output endface of the array. If the fluid refractive index is
increased, the transmission of the defect waveguide should switch from low trans-
mission efficiency due to discrete diffraction into the array, to high transmission
efficiency due to the confinement of light within the defect waveguide enabled by
the forbidden transmission through the array of waveguides.
In order to investigate this transition between discrete diffraction and trapping
in the defect mode, light propagation along the waveguide array was simulated
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using beam propagation method (BPM). BeamPROP from RSoft was used as
the simulation tool and the dimensions were equal to those in Figure 3.8. The
simulated waveguide array consisted of 49 waveguides with a defect waveguide
at its center. The array was 21 mm long and has 15 mm long openings of the
top cladding to allow fluid access to array cores. A TE fundamental mode of an
isolated waveguide at λ = 1.55µm was launched into the centre defect waveguide.
The output power of the defect waveguide was monitored.
Figure 3.9(b) shows the normalised output power of the defect waveguide after
propagation through the array for fluid indices ranging from nfl = 1.30 to 1.40.
The output power starts low with low fluid index and gradually rises as the fluid
index increases. This index region were the change in output power occurs is
similar to the fluid index at which the defect waveguide propagation constant
intersects with the lower band edge, as shown in Figure 3.9(a). The insets in
Figure 3.9(b) show a plan view of the BPM as light is propagating along the
array at fluid indices of nfl = 1.30 (I), 1.33 (II) and 1.40 (III), respectively. At a
fluid index of nfl = 1.30, lateral spreading of light in the form of two main side
lobes can be observed. At a fluid index of nfl = 1.33 the spreading is reduced
and a significant amount of light is confined in the defect waveguide. At fluid
index of nfl = 1.40 the light is completely confined in the defect waveguide.
The increase in output power that is observed as the fluid index increases
from nfl = 1.33 to 1.34 corresponds to the intersection of the effective index
of the defect waveguide with the lower band egde of the propagation band of
the array. The propagation behaviour can be explained as follows: at low fluid
indices, light spreads across the array due to discrete diffraction, while at larger
indices, light is trapped in a staggered defect mode and remains confined in the
defect waveguide. The transition of the output power is not as sharp as that
observed in Figure 3.6(b). Comparing Figure 3.6(a) and 3.9 (a) it can be seen
that while the index range of the propagation band of the array varies with fluid
index in both cases, the rate of change of this index range is far greater for the
case of Figure 3.6(a) than it is for Figure 3.9(a). This difference is most likely
related to the smaller interface between the cores of the array and the fluid, due
to the KMPR cladding material placed between each of the waveguides. The two
main side lobes can be observed at nfl = 1.30 in insert (I) are a characteristic
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of discrete diffraction, while the confinement in a single waveguide at nfl = 1.40
in insert (III) is due to the trapping of light in a staggered defect mode. The
top view in insert (II) at nfl = 1.3, nicely shows the transition between the two
states.
The simulation of the modal and band characteristics as well as the beam
propagation analysis showed that for a waveguide array platform with a shielded
defect waveguide, a transition from light being laterally diverging via discrete
diffraction, to light being guided in a staggered defect mode is possible through
tuning the fluid index. In the specific implementation of this section, the height
of the defect and array waveguides can remain identical. The fact that both the
defect and array waveguides can be formed from the same polymer film should
allow fabrication of the platform using standard microfabrication techniques.
3.6 Wavelength-dependent transition of shielded
defect array
In a practical setup it is often beneficial to record an optical spectrum for a par-
ticular fluid refractive index and then measure the fluid-index dependent shift
of features in the spectrum [7]. As reasoned in Section 3.2.3, a change of wave-
length may also lead to transition of the guiding behaviour since the position of
the propagation band is wavelength dependent. Thus in this section it is investi-
gated whether a change in wavelength can also cause a transition from discrete
diffraction to trapping in a defect waveguide and thus causes a characteristic
spectrum of the defect’s transmission. If that is the case, changes in the fluid’s
refractive index should have an influence on the transmission spectrum presenting
a means to monitor the refracitve index of the fluid if this structure were used as
a sensor.
3.6.1 Wavelength-dependent transition
At a wavelength of λ = 1.55 µm, the waveguide array was designed so that
the propagation constant of the defect waveguide resides close to the lower band
edge. Due to the difference in geometry of the defect and array waveguides, it
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is likely that the propagation constant of the defect and the propagation band
of the waveguide array would exhibit a different dispersion. This suggests that a
change in wavelength should also cause the defect’s propagation constant to pass
into or out of the propagation band of the array, resulting in a transition from low
loss, band-gap guided transmission to strong divergence via discrete diffraction.
In order to analyse whether a wavelength dependent transition exists, the
effective indices of the defect core and the propagation bands were calculated for
the design of Figure 3.8 over a spectrum from λ = 1.51 µm to 1.64 µm and a
fluid index of nfl = 1.363 using the FEM mode solver.
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Figure 3.10: Results of wavelength dependent simulations: a) Effective index
(neff ) of isolated defect waveguide (black), and propagation band of array covered
with Cargille Series AAA 1.37 liquid (nfl = 1.363) at varying wavelength. Inset:
Wavelength at which the isolated defect waveguide index intersects the lower
band edge for the Cargille fluid indices. b) Normalised output power of defect
waveguide for the array covered with Cargille fluids.
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Figure 3.10(a) shows the effective index of the isolated core (black solid curve)
and propagation band (orange shaded region) covered with a fluid of nfl = 1.363
as function of wavelength. At low wavelengths, the defect mode exhibits a smaller
effective index than the lower band edge of the propagation band of the array.
When the wavelength is increased, the effective index of the defect mode decreases
along with the lower band edge of the array. However, the defect waveguide
effective index decreases with wavelength at a much slower rate than the lower
band edge of the array. At a wavelength of 1.576 µm the effective index of the
isolated defect waveguide coincides with the lower edge of the band. Hence an
increase in wavelength will cause the defect effective index to overlap with the
propagation band of the array.
A variation of the operating wavelength can cause the propagation constant
of the defect to pass into the propagation band of the array and thereby move the
array from a state where light is trapped to a state where light spreads via discrete
diffraction. If this arrayed waveguide structure was to be used as a fluid refractive
index sensor, it would be interesting to explore how this spectral transition from
guiding to lateral divergence is impacted when the refractive index of the fluid is
adjusted.
3.6.2 Influence of fluid index on wavelength-dependent
transition
A change of the fluid refractive index should change the location of the propa-
gation band but should not significantly impact the wavelength dispersion. As
shown previously, the location of the propagation constant of the defect waveg-
uide and the wavelength dispersion of this value will be independent of changes
to the fluid index since the defect is shielded from the fluid. Thus, as the fluid in-
dex is changed, a strong contrast between the defect waveguide and surrounding
array should be achieved and the spectral location of the transition from trapping
to discrete diffraction should depend on the refractive index of the fluid cladding
of the array. In other words, if the fluid index is changed, the location of the
wavelength-dependent transition would shift to a different wavelength.
To test this hypothesis, the simulation of Figure 3.10(a) was repeated for seven
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commercially avialable Cargille refractive index liquids with indices of nfl = 1.325,
1.335, 1.344, 1.354, 1.363, 1.373 and 1.383 to match defined liquids that could
potentially be used to test a fabricated device. The points in the insert of Fig-
ure 3.10(a) show the wavelength where the propagation constant of the isolated
defect waveguide intersects with the lower band edge. The intersection wave-
length increases with an increase fluid index as expected.
To further understand and illustrate the wavelength dependent transition and
its sensitivity to fluid index, BPM simulations were carried out for each of the
seven Cargille liquids. In these BPM simulations, for each fluid index, the wave-
length was swept from 1.51 µm to 1.64 µm and the power of the defect waveguide
was monitored. Figure 3.10(b) shows the output power from the defect as func-
tion of wavelength for the different fluid indices. At short wavelengths, a large
portion of power is observed at the output of the defect waveguide. With in-
creasing wavelength the power output on the defect gradually drops until it is
completely diminished. With an increase in fluid index this behaviour shifts to
longer wavelengths.
From Figure 3.10(b) it can be seen that when the fluid index shift from nfl =
1.325 to 1.335, the transition wavelength, where the maximum power has dropped
to 50%, shifts from λ = 1.541 to 1.551 µm. This corresponds to a sensitivity of
991 nm per refractive index unit (RIU). However, with a shift from nfl = 1.373
to 1.383, the transition wavelength shifts from λ = 1.594 to 1.608 µm indicating
a sensitivity of 1353 nm/RIU. This increase in sensitivity can be explained due
to the stronger overlap between the light in the array waveguides and the fluid
cladding as the as the fluid index approaches the core index.
Based on the the results of Figures 3.10 and 3.9, it can be concluded that the
assumptions for the wavelength and fluid dependent transition between lateral
spreading of light via discrete diffraction and light confinement in a staggered
defect mode are valid for the chosen dimensions. This concludes the theoreti-
cal simulation of the platforms. Having found a suitable platform that should
enable a measurable fluid refractive index and wavelength dependent transition
and satisfies fabrication requirements, it is now possible to consider fabricating
and testing a practical device in order to demonstrate fluid-tunable shift of the
guided spectrum experimentally.
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3.7 Realisation of the shielded defect waveguide
array platform
The modelling of Section 3.6 predicts that the proposed shielded defect platform
should support a wavelength-dependent transition from guidance in a defect mode
to discrete diffraction over a wavelength range from 1.51 µm to 1.64 µm. The po-
sition of the transition is predicted to shift to longer wavelengths with an increase
in fluid refractive index. Having characterised the behaviour of the platform the-
oretically, the next logical step would be to analyse it experimentally. In order
to test the platform, a physical device must be fabricated. Thus, this section
explores if the shielded defect waveguide array platform can be fabricated.
3.7.1 Microfabrication
The proposed materials for the waveguide core and cladding are the epoxy poly-
mers SU-8 and KMPR, respectively. SU-8 and KMPR are both photo-patternable.
The design suggests that the waveguides can be realised using three layers of
photolithographically defined structures. If standard photolithography microfab-
rication techniques are utilised, a platform that effectively realises the proposed
shielded defect waveguide array platform of Figure 3.8 can be realised at sufficient
accuracy.
Figure 3.11 depicts a schematic of the fabrication steps proposed to realise the
fluid-waveguide array. The fabrication uses three step standard ultraviolet(UV)
photolithography of KMPR and SU-8 epoxy polymers on a 3 inch silicon wafer.
Firstly, a 35 µm-thick KMPR buffer layer is spin-coated, soft baked, UV flood
exposed and thermally cured, as shown in Figure 3.11(a). This buffer layer en-
sures that no light leaks into the high index silicon substrate. Before the SU-8
waveguide core layer is applied, the KMPR is oxygen plasma treated to improve
the adhesion of the SU-8. A 2.3 µm-thick SU-8-2002 layer is spin-coated, soft
baked and patterned by UV exposure through a high resolution chrome mask as
illustrated in Figure 3.11(b). Then the SU-8 is cured and developed to define the
waveguide cores, as displayed in Figure 3.11(c). A 7 µm-thick KMPR cladding
layer is spin-coated, patterned by UV exposure, as seen in Figure 3.11(d). The
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KMPR is cured and developed to reveal the openings to the SU-8 waveguide
cores, as depicted in Figure 3.11(e). After patterning, the wafer is separated into
individual chips using an automated dicing saw. To avoid stress on the open-
ings in the cladding during the dicing process the sample is coated with a layer
AZ 4562 photoresist. After dicing this layer can be easily stripped using Acetone.
In order to analyse the fluid, it can simply applied to the surface of the chip as
illustrated in Figure 3.11(f).
b) Deposit SU-8 core and expose!
Silicon!
KMPR!
SU-8!
c) Develop SU-8 core!
Silicon!
KMPR!
SU-8!
d) Deposit KMPR cladding and expose!
Silicon!
KMPR!
SU-8!
e) Develop KMPR cladding!
Silicon!
KMPR!
SU-8!
a) Deposit KMPR buffer layer and expose!
KMPR!
Silicon!
f) Apply fluid!
Silicon!
KMPR!
SU-8!
Fluid!
Figure 3.11: Fabrication Process of the fluid-tunable waveguide array: a) Deposi-
tion of the KMPR buffer layer, b) deposition of the SU-8 core layer and patterning
waveguide cores, c) developed waveguide cores, d) deposition of the KMPR top
cladding layer and pattering of the array core openings, e) development of the
array core openings, f) application of the fluid to be tested
Based on the outlined fabrication method, a device was fabricated according
to the dimensions in Figure 3.8 and the process parameters of Table 3.1. The
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Layer Lower cladding Core Top cladding
Material KMPR 1035 SU-8 2002 KMPR 1005
Thickness/µm 35 2.3 3
Spin speed/rpm 3000 2400 2000
Acceleration/rpm/s 300 300 300
Spin time/s 30 30 30
Soft bake time/min 10 at 100 ◦C 2 at 95 ◦C 7 at 100 ◦C
Exposure energy/mJ 640 80 240
Post exposure bake time/min 10 at 100 ◦C 2 at 95 ◦C 2 at 100 ◦C
Development/s n/a 50 30
Table 3.1: Process parameter for fluid-tunable waveguide platform
fabricated sample was diced in the middle, in order to inspect the cross-section of
the openings. A scanning electron microscope (FEI Nova NanoSEM) was used to
image the cross-section. A 5 nm thin layer of gold was evaporated on the polymer
to prevent charging of the material.
Figure 3.12: a) SEM cross-section micrograph of openings to the waveguide array
cores and shielded defect in the centre. Rectangles indicate location of SU-8
waveguide cores b) close up of the defect core and alignment defect
Figure 3.12 shows a SEM micrograph of the cross-section of the shielded de-
fect waveguide in the centre of the array and some of the 48 array cores with
openings to the fluid. Figure 3.12 (b) displays the a close up of the shielded
defect waveguide on the right side of the picture and two array cores with the
openings to the fluid. The geometry of the SU-8 cores can be easily identified.
The openings have straight sidewalls and reach to down to the SU-8 array core.
Right next to each of the array cores, there is a gap reaching down to the lower
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KMPR cladding layer. This gap is narrow, being approximately 800 nm wide.
The fabrication was of the polymer waveguides was successful, apart from the
gap next to array cores. These gaps resulted from misalignment of the second
mask to define the openings in the KMPR top cladding layer. It is expected
that these gaps may cause a dramatic change in the performance of the device,
since an air or fluid cavity between the waveguide will alter the coupling strength
between the waveguides drastically. Hence, techniques to avoid the formation of
this gap should be sought.
3.7.2 Adjusted fabrication avoid alignment gap
The fabrication method described in Section 3.7.1 resulted in an alignment gap
next to the SU-8 waveguide cores.The The proposed reason for the gap is that the
widths of the openings on the mask for the first lithography step are identical to
the chrome regions on the mask to define the openings in the KMPR in the second
lithography step. Thus, perfect alignment is required to avoid any gap at all.
KMPR is a negative photoresist, which means that the regions that get exposed
to UV light will cross-link and do not wash away during the development process.
This may be exploited to overcome the alignment problem. If the opening is
deliberately misaligned by a small amount on one side of the waveguide core and
then misaligned by a small amount on the opposite side in a second exposure
step, this may cause exposure of the areas on both sides of the waveguide and
thus avoid any gap next to either side of the waveguide core.
A sample was fabricated with identical parameters as stated in Table 3.1 with
the exemption that the KMPR top cladding layer was exposed twice, each time
with a slight offset as described above. Figure 3.13 shows SEM micrograph of the
cross-section of the sample fabricated with a double exposed top cladding. Owing
to the low contrast between the SU8 and KMPR materials in the SEM image of
Figure 3.13(a), it is difficult to distinguish the cores of the array and the defect.
The two dashed rectangles indicate the locations containing a defect and an array
waveguide respectively and magnified and enhanced contrast images of the defect
and array waveguides are presented in Figure 3.13(b) and 3.13(c), respectively.
There are no gaps next to the SU-8 waveguide cores visible indicating that the
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modified fabrication technique was effective in removing these gaps. The widths
of the openings to the waveguide cores are slightly narrower than the waveguide
core width. This is undesired, and is likely a consequence of the double exposure
used to avoid the gaps. However, this slight deviation of the structure from the
desired dimensions is expected to have a lot smaller effect on the performance
of the device than the gap between the waveguide cores that was observed in
Section 3.7.1.
After adjustments to the fabrication method to avoid the gaps next to the
cores, the inspection of fabricated device showed a sufficiently accurate geometry
for the waveguide array to be experimentally tested.
10 !m  5 !m a) b) 5 !m c) 
Figure 3.13: a) SEM cross-section micrograph of openings to the waveguide array
cores and shielded defect in the centre. Rectangles indicate location of SU-8
waveguide cores b) close up of the defect core and c) array core.
3.8 Experimental demonstration
Having successfully modelled and fabricated the proposed fluid-tunable waveguide
array, its guiding properties can be experimentally tested. The simulations pre-
dicted a wavelength dependent shift from light being guided in the centre defect
core at short wavelengths to divergence of optical power at longer wavelengths due
to discrete diffraction. The simulation predicted that upon an increase of the fluid
refractive index, the position of the transition will shift to longer wavelengths.
If the fabricated waveguide array is operated under the same conditions as
simulated, it should show a drop in defect transmission with increasing wavelength
and a shift to longer wavelengths of this transition with increasing fluid refractive
index. The fabricated waveguide array should also allow visualisation of the shift
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from defect trapping to discrete diffraction directly by observing all of the cores
simultaneously.
3.8.1 Characterisation of defect transmission
The first parameter of interest to be determined experimentally is transmission of
light through the defect waveguide. Experimental information about the defect
transmission for the simulated wavelengths and fluid indices would enable com-
parison of the experimental performance of the waveguide array to the simulated
predictions and would further provide direct experimental evidence of the sensi-
tivity of the device. It is expected that if the waveguide array is covered with
Cargille liquids identical to those simulated and excited with the same wave-
lengths, a transition from efficient transmission to coupling to the array will be
observed as the wavelength is varied and that the wavelength range over which
this transition occurs will vary with refractive index of the fluid cladding. Fur-
ther, it is expected that this experimentally demonstrated behaviour would be in
good agreement with the simulated predictions produced in Section 3.6.
Tunable laser!
(1.51 – 1.64 µm)!
 Photo diode!60 x Imaging lens!
Lensed PM fibre!
Figure 3.14: Schematic of measurement setup to characterise transmission
Figure 3.14 depicts the measurement setup. TE polarised light from a tunable
laser source (Agilent 81642A) was launched into the defect waveguide through a
polarisation maintaining lensed fibre. The lensed fiber was brought into close
proximity to the chip endface and aligned to the defect waveguide using a micro-
positioning stage. The output endface of the defect waveguide was imaged onto a
photodiode using 60× microscope objective. A drop of Cargille refractive index
liquid was placed on the chip, where it filled the openings to the array waveguide
cores. The laser wavelength was set to 1.51 µm and the location of the input
lensed fibre was adjusted to maximize the light received at the output. After
alignment, the laser wavelength was tuned from 1.51 µm to 1.64 µm in 1 nm
steps and the output power was recorded. After the measurement of each fluid
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the sample was removed from the stage, cleaned in an isopropanol bath and placed
back on the stage and re-aligned for the next measurement.
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Figure 3.15: Measured output power of waveguide array covered with Cargille
refractive index liquids, normalised to the laser output spectrum.
Figure 3.15 shows the measured output power of the defect waveguide as
function of wavelength for Cargille Series AAA liquids with refractive indices of
nfl = 1.325, 1.335, 1.344, 1.354, 1.363, 1.373 and 1.383. The output power was
normalised to the laser output power. For each fluid index, the output power
drops with an increase in wavelength. As the fluid index increases, the loca-
tion of the transition shifts to longer wavelengths. A power threshold of 0.5
of the maximum intensity was selected to quantify the sensitivity by dividing
the wavelength shift by the change in refractive index that produces this out-
put power. For a fluid index shift of nfl = 1.354 to 1.363, the wavelength for
threshold power shifts from 1.5325 µm to 1.5414 µm giving a sensitivity of 989
nm/RIU. For nfl = 1.363 to 1.373 this sensitivity increases to 1022 nm/RIU
and for nfl = 1.373 to 1.383 the sensitivity increases further to 1104 nm/RIU.
This is in good agreement with the simulations of Section 3.6 which predicted a
maximum sensitivity of 1353 nm/RIU.
The power levels recorded for liquids with nfl = 1.325, 1.335, 1.344 appear
lower than the other liquids. This could be attributed to discrepancies in the
input fibre insertion loss during re-alignment as the fluids were changed and the
sample was cleaned, however the trend of each response is clearly consistent. In
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Tunable laser!
(1.51 – 1.64 µm)!
Infrared 
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Figure 3.16: Schematic of measurement setup to characterise optical distribution
comparison to the simulation, all of the measured curves are shifted to shorter
wavelengths by about 40 nm. This offset could be explained by fabrication toler-
ances in dimensions and material refractive indices. Overall it can be concluded
that the tested device performed similar to the predictions of the modal and BPM
simulations.
3.8.2 Optical distribution through the array
One of the great advantages of coupled waveguide arrays is that guidance phe-
nomena and their transition can be nicely visualised due to the abundance of
waveguides. Instead of only monitoring the power of the central defect waveg-
uide as in Section 3.8.1, the light in the whole array of 49 waveguides can be
observed and characterized. Thus, if the entire output endface of the waveguide
array is monitored, the transition between defect trapping and discrete diffrac-
tion should be clearly discernible from the patterns of bright and dark waveguides
across the array.
The original measurement setup was altered as shown in Figure 3.16. The pho-
todiode in the setup was replaced with an infrared camera (Hamamatsu C2741).
The output objective was changed to 5× magnification to observe the complete
endface of the array.
Figure 3.17(a) displays a sequence of images obtained from the output endface
of a waveguide array covered with Cargille Series AAA 1.37 refractive index liquid
(nfl = 1.363) with the wavelength scanned from 1.51 to 1.64 µm. At short wave-
lengths most of the light is confined in the central defect waveguide. A smaller
portion of light is visible in the array waveguides. With increasing wavelength,
the ratio of light in the defect waveguide to light in the other waveguides becomes
smaller. With further increase in wavelength, the light spreads far more broadly
to the edges of the waveguide array. The spreading occurs symmetrically.
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The reduction of the ratio of light in the defect waveguide to light in the
remaining array confirms the wavelength dependent transition from light being
trapped in a defect mode to light being spread across the array. The spreading
occurs in two symmetric side lobes which is characteristic for discrete diffraction
within a uniform array. The overall reduction in intensity can be attributed to
the decline of the laser output power at longer wavelengths.
Figure 3.17: a) Infrared camera image of output cross-section of waveguide array
covered with Cargille Series AAA 1.37 refractive index liquid (nfl = 1.363) at
varying wavelengths and b) corresponding BPM simulations.
Figure 3.17(b) shows the corresponding BPM simulation of the optical power
expected at the end-point of the array. Experiment and simulation follow the
same trend of light confinement at short wavelengths to lateral spreading long
wavelengths. The transition occurs at about 40 nm shorter wavelength in the
experiment than in simulation. This discrepancy is most likely related to vari-
ations in material constants and dimensions between those simulated and those
practically realised.
A characteristic sign of discrete diffraction is the formation two distinct side
lobes with distinct dark nulls present in both experimental and simulated distri-
butions. It can be concluded that the fabricated device indeed shows a transition
from trapping in the defect core to discrete diffraction and spreading of light in
horizontal direction.
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Placing this result into the context of this thesis, recall that Chapter 2 also
presented a fluid infiltrated waveguide array that could act as a refractive index
sensor. However, the structure of Chapter 2 could only operate if the fluid re-
fractive index infiltrated into the array was of higher refractive index than the
surrounding polymer. The structure that has been demonstrated in this section
operates on similar concepts of discrete diffraction and trapping, but the device
is compatible with liquids exhibiting a similar refractive index as water. Thus in
the next section the potential of this structure as a practical sensor platform, in
particular for bio-sensing, is brought into context with other sensing approaches
and the relative advantages and disadvantages are discussed in more detail.
3.9 Comparison with other sensing concepts
Since, for the structures considered in this chapter, the transition between defect
trapping and discrete diffraction is dependent on the evanescent field interacting
with the fluid, fluids with low refractive index such as water can be analysed.
This makes the platform an interesting candidate for label-free biosensing where
changes in the fluid’s refractive index can be caused due to the agglomeration of
the bacteria or viruses on functionalised surfaces [6]. Thus it would be valuable
to assess the presented waveguide array platform in the context of biosensing
and compare the platform with existing refractive index sensing approaches. In
particular the influences of the highly absorbing character of water are analysed
in terms of the sensing performance.
The experimental measurements in Section 3.8.1 showed and average sensi-
tivity of 1,038 nm/RIU with a standard deviation 48 nm/RIU. Table 3.2 shows
the measured sensitivity in comparison to other refractive index sensors. Even
though directional couplers in fluid infiltrated photonic fibres [17] exhibit a larger
sensitivity they are only compatible with fluids of higher refractive index than the
silica the fibre is made from. The sensitivity is mainly limited by the evanescent
field overlap with the fluid as well as the interaction length.
In the case of this investigation the interaction length was 1.5 cm. This can be
compared to the 1.7 cm length of the Mach-Zehnder considered in [95] which is
on the same order of sensitivity. Thus two simple ways to improve the sensitivity
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Measurement method Platform Fluid index Sensitivity
Directional coupler in Fibre 1.5 30,100 nm/RIU
photonic crystal fibre [17]
Prism coupled surface Planar 1.335 7,120 nm/RIU
plasmon resonance [92]
Long period fibre gratings [93] Fibre 1.328 6,000 nm/RIU
Grating coupled surface Fibre 1.36 3,365 nm/RIU
plasmon resonance [94]
Directionally coupled surface Planar 1.33 2,100 nm/RIU
plasmon resonance [9]
Mach-Zehnder interferometer [95] Silica 1.33 1,500 nm/RIU
Transition of discrete Planar 1.35-1.38 1,038 nm/RIU
diffraction in waveguide arrays
Capillary ring resonator [96] Fibre 1.41-1.43 800 nm/RIU
Slot waveguide [97] Planar 1.33 212 nm/RIU
2-D photonic crystal [98] Planar 1.338-1.451 200 nm/RIU
Tunable grating couplers [99] Planar 1.33 142 nm/RIU
Microsphere ring resonator [100] Silica 1.33 30 nm/RIU
1-D photonic crystal [8] Planar 1.36 23 nm/RIU
Table 3.2: Comparison of sensitivity of different refractive index sensors
would be to utilise lower index polymers or increase the length of the sensor.
However, beyond these simple avenues for improvement it could be expected
that further improvements in sensitivity could be achieved by engineering the
properties of the array and the defect such that a sharper transition could be
achieved, similar to the band edge of a filter.
Another concern that might be considered is whether the resonant behaviour
of the array would be impacted by the absorption coefficient of water. At a
wavelength of λ = 1.55µm water has a relatively large absorption coefficient of
8/cm [101]. Therefore one could expect that the absorption would have a negative
influence on the performance of the sensor. It is thus worth exploring whether
when the high absorption of water is added to the modelling parameters, would
there be an impact on the defect transmission. In order to analyse this in more
detail the BPM simulation carried out in Section 3.6.1 for a refractive index of
1.363 was performed a but with the absorption of water included.
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Figure 3.18 shows the output power of the defect waveguide after propagation
through the waveguide for a wavelength range from λ = 1.51 to 1.64 µm. Both
curves exhibit almost identical transition of light from being guided in central
defect core to light coupled away via discrete diffraction.
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Figure 3.18: Comparision of BPM with and without water absorption
From the results of Figure 3.18, it is expected that the sensor should be very
robust to absorption in the fluid, since light is transmitted to the output through
a waveguide that is insulated from the fluid with any power coupled to the array
considered as lost. Further, the coupling to the array is based on a fluid index
tunable shift of the array propagation band, which will be dominated by the real
part of the fluid refractive index.
The transition between trapping and of light and discrete diffraction is depen-
dent on a change in the refractive index contrast between analyte and waveguides.
As discussed in Section 2.4, the change in temperature will modulate the index
contrast because of the difference in thermo-optic coefficients. The temperature
influence could be compensated by conducting a simultaneous measurement on
a platform made from a polymer with a different thermo-optic coefficient. In
contrast to the tunable diffraction shown in Chapter 2 the presented platform is
operating over a wavelength spectrum generated by a tunable laser with a small
spectral line width. Hence, expected source wavelength variations should have a
very limited influence on the measured refractive index.
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3.10 Conclusions
It has been shown theoretically that it is possible to fluid-tune between two
different guidance behaviours in a planar polymer waveguide array. The guiding
mechanism can be changed from a state where light is trapped within a single
defect waveguide to a state where light is coupling off horizontally because of
discrete diffraction. In order to obtain a distinct transition between being guided
in the defect and coupled off via discrete diffraction with changing fluid index,
the defect waveguide needs to exhibit two dimensions of difference.
The difference in waveguide dispersion of the defect and array waveguides
can be exploited to use wavelength to tune the transition between trapping and
discrete diffraction. A waveguide array platform was demonstrated that showed
that at short wavelengths, light was guided in a staggered defect mode with a
propagation constant below the propagation band of the array. However, upon
increase of the wavelength to a certain value, the defect waveguide propagation
constant overlapped with the propagation band of the array and discrete diffrac-
tion occurred causing light to discretely couple off laterally. Upon increase of the
fluid index this transition shifted to longer wavelengths.
The trapping or coupling behaviour of the defect was found to be sensitive to
both the optical wavelength and the index of the fluid suggesting the utility of
the platform as a sensor. In particular, this introduced platform was compatible
with aqueous fluids making it an attractive candidate for label free biosensing ap-
plications. The sensitivity of the shift was measured at around 1000 nm/RIU and
this comparable to other integrated refractive index sensing concepts for aqueous
liquids. The design with its shielded defect waveguide is very robust to absorption
of light in the fluid. Thus the platform can be operated around telecommunica-
tions wavelength of λ = 1.55 µm even though water is quite absorbing in this
wavelength range. The main limitation in terms of sensitivity of this platform is
evanescent field sensing character which limits the field-fluid overlap.
In Chapter 2 light was propagating in a high index liquid core homogeneous
waveguide array via discrete diffraction and the coupling strength between the
waveguides was modulated by adjusting the fluid’s refractive index. In this chap-
ter it was shown that the variation of the refractive index of a fluid can cause
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the transition between two different types of guiding in a planar waveguide array
whose cores were evanescently interacting with a fluid cladding. The range of
effective indexes of the central defect and the surrounding array waveguides was
somewhat limited as it was necessary to set the core index of all the waveguides
to be higher than the index of the substrate. Both of these indices were signifi-
cantly higher than water and thus the evanescent fields of the guided modes were
not very strongly interacting with the fluid. Also, the limited range of refractive
indexes that could be used for the defect, claddings and the cores of the arrays
limited the engineering opportunities for the bandgaps and particularly the sharp-
ness of the transitions into and out of the band. It would be advantageous if a
technique could be found to enable a significant reduction in the effective index
of the defect mode without radiating into the substrate. This investigation is the
topic of the next chapter.
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Chapter 4
Fluid-tunable Bragg guidance in
reverse symmetry waveguides
4.1 Introduction
In optofluidic sensing platforms it is crucial to have a high sensitivity to enable the
detection of the smallest changes within fluids. This is in particular important
in the field of label-free biosensing where a change in the fluid’s properties, is
directly proportional to the amount of bio particles that are detected. Thus, if
one can increase the sensitivity of an optofluidic sensor, it is possible to detect a
smaller change in the fluid and therefore a smaller amount of bio-particles, such
as viruses or bacteria. In order to achieve a maximum sensitivity to the fluid
it is beneficial to create a maximum overlap of the light’s electro magnetic field
with the fluid [7]. One way to achieve a large fluid-field overlap is to utilise the
fluid as waveguide core. In conventional dielectric waveguides the light is confined
via total internal reflection. Total internal reflection requires the core to have a
higher refractive index than the surrounding cladding material. Since most living
micro organisms must be kept in an aqueous solution, biosensing platforms require
fluids to have a refractive index around 1.33. Most solid materials have refractive
larger than 1.33, therefore light cannot be confined in a water-based waveguide
core by the means of total internal reflection. Thus the optofluidic community
has suggested [102] and implemented [103] various alternative guiding schemes to
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enable the confinement of light in low index fluids, such as water.
One way to confine light in low index materials is the use of reflections in to
the low index core due to constructive interference on periodic structures. This
mechanism has been used successfully to confine light in hollow fibres [15, 104] and
integrated waveguides [105]. Fibre based platforms offer many advantages such
as extremely long interaction lengths and relatively low-cost mass manufacture of
serial devices. However, when comparing fibre devices to planar platforms, there
are a number of limitations. In particular, it is difficult to fabricate longitudinal
variations onto fibre platforms. Further the bulk of microfabricated microfluidic
platforms are planar and it can be difficult to interface fibres to these platforms.
Thus, it would be advantageous if there were a planar analogue of the air core
photonic crystal fibre that could be used in optofluidic systems.
The preceding chapters of this thesis have explored planar analogues to vari-
ous fibre infiltration platforms. Chapter 2 introduced a uniform fluid infiltrated
waveguide array, but in this case it was necessary for the fluid to have a higher
index than the surrounding polymer. Chapter 3 explored the introduction of
a defect into the waveguide array, and particularly focussed on configurations
where light was guided within a defect with index lower than the surrounding
array waveguides. In this case the cores of the waveguides were polymer and the
upper cladding was fluid, enabling the fluid to have a far lower index, in the range
of aqueous solutions. However, it was still necessary to ensure that the waveguide
effective indices were higher than the substrate index, which was a solid polymer,
and hence the overlap between the core and liquid cladding was minimal and the
contrast between the elements of the array was mild.
This chapter explores a potential method for realising a defect waveguide
with a significantly lower refractive index than the surrounding waveguide array,
similar to the air core photonic crystal fibres. This reduction in index should
significantly increase the interaction of the light in the defect with the surrounding
fluid and the large index contrast with the array should enable stronger band-
guiding effects leading to sharper transitions from divergence to guiding under
varying index contrast.
Unlike the work of Chapter 2 and Chapter 3 , due to the constraints of time,
the proposals of this chapter have only been explored numerically. However,
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throughout, consideration has been given to how the devices might be practi-
cally realised such that an experimental demonstration could be attempted with
minimal redesign in the near future.
4.2 Low index guiding based on periodicity
One approach to confine light efficiently in a low index medium is to surround
the medium with a periodic structure and rely on constructive interference of
multiple reflections at boundaries of the periodic structure to confine the light.
If the reflected light at each boundary is in phase with light reflected from the
other boundaries, the reflection of the complete stack can be nearly perfect. For
the light to be constructively reflected from the stack the propagation constant
of the guided mode needs to be in a region outside of the propagation band.
In Chapter 3 a defect waveguide within a planar waveguide array was engi-
neered to enable a fluid-tunable defect mode that resided below the propagation
band of the waveguide array. Even though the effective index of such a staggered
defect mode was below the surrounding the array the light was still guided in the
high index core being totally internally reflected from the interfaces between the
core and the cladding material and only interacting with the other waveguides
in the array via tunnelling through the intermediate cladding material. Only the
evanescent field of the waveguides was interacting with the fluid. Since the re-
fractive index of the defect core was much higher than the fluid, this evanescent
interaction was quite mild, thus limiting the sensitivity to changes in the refrac-
tive index of the fluid. This type of guidance is referred as frustrated tunnelling
photonic band gap guidance [15]. Conversely to frustrated tunnelling photonics
band gap guidance confining light in high index cores it is also possible to guide
light in between dielectric Bragg mirrors as suggested by Yeh et al. [106]. This
type of guidance allows the confinement of a mode in a material with a refractive
index lower than the any of the cladding materials. Hence, this guiding mecha-
nism could be used to confine light in low index aqueous solutions. In contrast
to frustrated tunnelling Bragg reflections that are strongly dependent on the op-
erating wavelength. This type of guidance is referred to as Bragg photonic band
gap guidance.
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Bragg photonics band gap guidance has been demonstrated in hollow core
photonics crystal fibres [15] as well as hollow core Bragg fibres made of layers of
tellurium and polymer [104]. Bragg guidance has also been shown for integrated
waveguides with silica cores [107] in layers of Si and Si3N4.
Bragg guidance has enabled wavelength confinement of light in hollow and
solid core structures. Fluids offer the great advantage that they enable recon-
figurability and thereby if fluid was used as the core material in a Bragg guided
waveguide, it should be possible to tune the wavelength dependent transmission
of infiltrated Bragg guided structures by adjusting the index of the fluid. Be-
fore considering possible proposals for planar structures that could enable Bragg
guidance, it would be valuable to review the literature onexisting platforms that
enable fluid-tunable Bragg guidance in order to detect smallest changes in the
fluid’s refractive index.
Schmidt et al. [102] outline optical guiding schemes to confine light in aque-
ous solutions. Optofluidic waveguide platform using periodicity mostly rely on
Bragg reflections based on constructive interference. Fibre-based platforms based
on periodicity have been realised with aqueous fluid-infiltrated cores of micro-
structured photonic crystal fibres [16], achieving a sensitivity of about 5500 nm
per RIU for a length of 20 cm. Rather than using air holes in a photonic crystal
fibre, hollow polymer fibres with alternating PMMA/PS layers using as Bragg
reflectors have been demonstrated [108] to achieve a wavelength selective con-
finement of light in aqueous solutions with a sensitivity of 1400 nm per RIU on
a length of 40 cm. Infiltrated Bragg fibres have also been demonstrated using
layers of chalcogenide glass and Poly-ether Imide (PEI) polymer [109] showing a
sensitivity of 330 nm per RIU for a 15 cm long fibre. Fibres are attractive for
the implementation of Bragg photonic band-gap guidance since they are gener-
ally radially symmetric and thus can implement periodic structure in the radial
dimension to confine light in both cartesian dimensions within the core. Two
dimensional confinement of light in planar platforms via Bragg photonic gap
guidance is difficult to realise and usually requires the periodic arrangement of
material in both the lateral dimension, which is relatively straight forward using
photolithography, and the vertical dimension, which is far more difficult requiring
multiple, highly precise thin film deposition steps. The fundamental disadvantage
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of fibre-based platforms are that they do not allow the monolithic integration in
existing micro fluidic lab-on-a-chip environment.
Planar aqueous fluid-core Bragg photonic band gap guided platforms have
not been reported in literature. The closed planar platform comparable to liquid
Bragg waveguides realised are infiltrated ARROW [110, 111] waveguides con-
sisting of a maximum of 2 two alternating refractive index layer pairs. Bragg
reflections waveguides require multiple vertical layers with an identical lattice
constant. This is challenging to realise in planar rectangular waveguides because
non-uniformity, especially in the waveguide corners which is accumulating with
the number of deposited layers. Thus planar liquid core platforms enabling high
precision 2-D Bragg guidance are difficult to realise.
This raises the question if 2-D Bragg photonic band gap guidance is in fact
necessary to enable highly sensitive fluid-tunable guidance in planar waveguide
platform or if it possible to design a platform performs Bragg guidance only
horizontally in a waveguide array and is still very sensitive to refractive index
changes in the fluid. Since this hypothetical platform will only offer horizontal
Bragg guidance, the confinement in the vertical direction needs to be achieved
using a different mechanism. As discussed above, conventional total internal
reflection will only provide a very limited fluid field overlap due to the high index
contrast between the solid core and the aqueous fluid. An approach to increase the
fluid-field overlap is the use of reverse symmetry waveguides. In a conventional
asymmetric waveguide, the core has the highest refractive index, followed by the
index of the substrate and the cover. In a reverse symmetry waveguide [112] the
index of the cover is higher than the index of the substrate. If the index contrast
of core to the substrate is larger than the contrast of the core to the cover, then
most of the evanescent field should reside in the cover. In the case of an optofluidic
waveguide platform, the evanescent field can be forced into an aqueous cover if
the substrate exhibits a lower refractive index such as air, for example [113]. It
is proposed that the lamination technique introduced in Chapter 2 could be used
to create hollow air cavities beneath a defect waveguide and thereby enable a
substrate with a refractive index less than water.
This chapter proposes the combination of Bragg guidance via reflection from a
resonant waveguide array in the horizontal direction and reverse symmetry waveg-
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uides to enable confinement in vertical direction with large fluid-field overlap may
enable a highly sensitive detection of refractive index changes in water-based so-
lutions. In the following sections, planar polymer waveguide platforms based on
these two guidance mechanisms are theoretically analysed on the fluid-tunability
of the guiding behaviour.
4.3 Bragg guided inverse symmetry waveguide
concepts
As discussed in Section 4.2, planar hollow 2-D Bragg waveguides are difficult to
realise at high precision. It is therefore interesting to investigate fluid-tunable
planar waveguide array platforms that confine light horizontally via Bragg pho-
tonic band gap guidance and vertically via total internal reflection. A defect core
based on reverse symmetry may allow low index guiding which could enhance the
sensitivity to changes in the fluid due an increased fluid-field overlap.
Thus this section investigates whether light can be horizontally confined in a
fluid-covered reverse symmetry waveguide core by Bragg photonic band gap guid-
ance of a surrounding waveguide array. The nature of the Bragg reflection sug-
gests that the horizontal confinement should be strongly wavelength dependent.
In addition, the possibility of a significant shift in the Bragg guided spectrum
upon a change of the aqueous fluid cover refractive index index is analysed. The
shift in the Bragg guided spectrum is expected to be very sensitive to variations
in the fluid’s refractive index because of the large fluid-field overlap of the reverse
symmetry waveguide.
Two variations of this Bragg guiding and reverse symmetry waveguide plat-
forms in their ability to guide light and change in transmission characteristics
upon change of fluid index are considered. First platform consists of a waveguide
array that is completely covered with fluid, while the second platform has a fluid
opening only above the reverse symmetry waveguide core. The band gap diagram
of the waveguide array is analysed to establish wavelength ranges where guiding
is possible. The propagation of light along the array is then simulated using beam
propagation analysis.
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4.3.1 Fluid-tunable reverse symmetry waveguide confined
by rib waveguide array
The first design is based on a laminated air cavity SU-8 reverse symmetry waveg-
uide surrounded by a rib waveguide array. Figure 4.1 depicts the cross-section
of the proposed waveguide array design. The platform consists of a SU-8 rib
waveguide array to enable horizontal confinement via Bragg guidance, and an air
cavity underneath the central defect core to enable low index, reverse symmetry
guiding. The air cavity for the reverse symmetry waveguide can be photo litho-
graphically defined in a KMPR buffer layer on a silicon substrate. A variation of
the lamination technique introduced in Section 2.2 can potentially be used to seal
the air cavity with a SU-8 film. In a second photo lithography step, SU-8 ribs
can be defined to enable the periodic refractive index variation of the waveguide
array. The complete array would then be covered with an aqueous liquid.
Fluid!
nD ! n1! n2!
dD ! d2!
SU-8 !
KMPR!
d1!
3.5 µm!1.3 µm!
Silicon!
Air!
Figure 4.1: Cross-section of reverse symmetry waveguide array with fluid cover
In order to investigate whether this platform could enable wavelength-dependent
fluid-tunable Bragg photonic band gap guiding, a 1-D model of the waveguide
array is analysed in terms of its band gap and its beam propagation properties.
Band gap analysis
Similar to the refractive index sensor presented in Chapter 3, the aim is to en-
gineer device that can transition from a situation wehre light is confined in the
core of the defect by band-gap guidance, to a situation where light is coupled into
the surrounding waveguide array as a sensitive function of fluid index. Upon the
a change in the fluid’s refractive index the guiding behaviour should change to a
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situation where no guiding is possible anymore and the light couples off horizon-
tally. Bragg guidance by resonant reflection from the waveguide arrays should
be strongly dependent on the operating wavelength, since the optical path length
must be matched to the period of the waveguide array. It is therefore useful to
analyse the band structure of waveguide array to identify and design wavelength
ranges where propagation through the array is forbidden and hence band-gap
confinement of light in the defect core is possible. A change of the fluid’s re-
fractive index is expected to shift the wavelength range where defect guiding is
possible. An analysis of the band gap can provide an indication of this shift.
In order to simplify the band gap analysis the waveguide array was converted
into a one dimensional problem using the effective index method [114]. The
fundamental assumptions in the effective index method is that all of the light
is confined within the fundamental modes in each slice and the the overlap of
these fundamental modes between each slice is essentially unity. It is appreciated
that for the case of Figure 1.1 this assumption is not really valid as there are
strong index contrasts in each slice and the differences between each slice are
large. However, this simplification was used for this first instance in order to
do a preliminary investigation rapidly. Any interesting results should be checked
carefully with full vector 2D simulation to be sure that they are valid.
The waveguide is segmented into three lateral invariant regions as shown in
Figure 4.1. These were Region ‘D’ for the defect core, Region ‘1’ for the array
waveguide core, and Region ‘2’ for the array waveguide cladding. For these three
regions the effective refractive index was calculated using a one-dimensional mode
solver. Based the effective indices of the core and cladding of the waveguides in
the array (n1 and n2) and the period Λ = d1+ d2 the photonic band gap diagram
can be calculated according to Yeh et al. [115]. The band gap diagram provides
information about frequency regions where light is allowed to propagate into the
waveguide array when is propagation constant lies within the allowed band and
regions where the light is not allowed to propagate through the array.
To enable Bragg photonic band gap guidance the propagation constant of the
defect has to lie with the forbidden region to enable the reflection. In addition, the
effective index of the defect mode has to be smaller than n2 to be able to propagate
through all the layers, without resorting to tunnelling, before resonantly reflected
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back into central defect waveguide core.
The amount of the evanescent field is inversely proportional to the thickness
of the core layer. Thus it would be beneficial to make the core core layer as
thin as possible to achieve a large fluid-field interaction. However the minimum
thickness of the core layer is limited by the asymmetry of the waveguide. If the
thickness is reduced so much that the effective index of the mode falls below
the refractive index of the cladding with the highest refractive index, the mode
will cease to be guided and leaks into the cladding. The most critical region is
Region 2, which is the cladding region in the waveguide array, but with KMPR
as the lower substrate. The thickness of this section was reduced in 0.1 µm steps
to determine the minimum thickness before the fundamental mode was cut-off.
The thinnest film thickness to enable guidance of the fundamental TM and TE
mode in a SU-8 core enclosed in KMPR and Fluid was found to be 1.2 µm for a
wavelength range of λ = 1.4 to 1.7 µm. In order to enable efficient Bragg guiding,
the band gap must be as wide as possible. The width of the band gap can be
increased by increasing the the index contrast of the array core and cladding
layer. In order to a achieve the maximum index contrast, the height of the ribs
need to be maximised to confine most of the light in the SU-8 cores and thereby
enhance the contrast. According to the 1-D mode solver, 3.5 µm is the maximum
height for the core region still to be single mode.
Figure 4.2 shows the calculated band gap diagram based on n1 and n2 for the
structure of Figure 4.1 with a fluid index of nfl = 1.32 according to [115]. The
blue shaded regions show the area where the band gap exists, while the red solid
line shows the light line for the defect core section (knD). For the light within
the defect to be reflected back from the Bragg stack and guided laterally in the
reverse symmetry defect waveguide it must exhibit an effective index smaller than
nD. Hence, the guiding region should be situated on the higher effective index
side of the defect core light line and in a band gap area of the waveguide array.
The light line enters the band gap at a normalised frequency around 1.13. It
is expected to find a Bragg guided mode at a frequency above 1.13. Figure 4.3
shows the band gap diagram with the fluid index is increased to nfl= 1.33. Here,
the light line enters the band gap at a normalised frequency of around 1.16.
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The normalised frequency fn is defined as:
fn =
ωΛ
2πc
=
Λ
λ
(4.1)
where Λ is the period, ω the angular frequency and λ the wavelength. Thus the
period can be adjusted to enable guidance close to a wavelength of 1.55 µm. By
setting the period to 1.76 µm, the entrance frequency equals wavelength of 1.558
µm for nfl = 1.32 and 1.517 µm for for nfl = 1.33, respectively.
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Figure 4.2: Band gap diagram of reverse symmetry waveguides covered with fluid
for a fluid index of nfl : 1.32
The 1-D simulation of the photonic band gap diagram indicates that with
period of 1.76 µm it should be possible achieve a change of light from Bragg guided
to coupled off horizontally around a wavelength of 1.55 µm. A change in the fluid
refractive index from nfl = 1.32 to 1.33 causes a shift of the of the intersection of
the light line with the band gap by about 0.03 in normalised frequency or -40 nm
in wavelength. Thus it is expected that the Bragg guidance region will shift by
about 40 nm as well. In order to analyse this a beam propagation analysis is
carried out in the next section.
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Figure 4.3: Band gap diagram of reverse symmetry waveguides covered with fluid
for a fluid index of nfl : 1.33
Beam propagation analysis
The simulation of the photonic band gap diagram showed that there is a band
gap on the high effective index side of the light line of the reverse symmetry core
changing at a wavelength of 1.55 µm at a period of 1.76 µm. The existence of
this band gap suggests that light can be guided laterally in this reverse symmetry
defect core. In order to verify this the guidance properties of the light in the defect
core are investigated using a 2-D beam propagation method. It should be noted
that this 2D BPM also makes the effective index approximation. Again, to be
confident of the results of this simulation, verification with a full vector 3D BPM
simulator is recommended.
A 10 mm waveguide array consisting of 40 cores was simulated using the
calculated effective indices for nfl = 1.32 and nfl = 1.33 fluid index. The period
of the waveguides was set to 1.76µm with a duty cycle of 50% and the width
of the defect core was set to 8 µm. A TE gaussian beam was launched into the
defect reverse symmetry core. The normalised frequency was swept from 1.035
to 1.257 which equals a wavelength range from 1.7 to 1.4 µm. The output power
in the defect core was monitored. RSoft’s BPM simulator Beamprop was used.
95
4. Fluid-tunable Bragg guidance in reverse symmetry waveguides
0.0
0.2
0.4
0.6
0.8
1.0
1.05 1.10 1.15 1.20 1.25
1.4001.4251.4511.4781.5061.5361.5661.5971.6301.6641.700
Length: 10 mm
28.5 nm
O
ut
pu
t p
ow
er
 (a
.u.
)
Frequency ωΛ/2pic
Wavelength (µm) for Λ=1.76 µm
nfl: 1.32
nfl: 1.33
Figure 4.4: Intensity in reverse symmetry waveguides covered with fluid
Figure 4.4 shows the output power distribution as the normalised frequency is
swept. The red solid line displays the power distribution for a fluid cover of nfl =
1.32. The output power increases with frequency to a value of 0.71 at a frequency
of 1.257. At a fluid index of nfl = 1.33 (green line) the power also increases with
frequency. At a normalised frequency of 1.257 the normalised output power has
reached a value of 0.69. This indicates a shift to shorter wavelength with increase
of fluid index. In order to quantify the shift, the wavelength of the half power
mark of the nfl = 1.32 at 0.355 is compared with the wavelength of the same
output power output power for nfl = 1.33. For a refractive index change of
∆nfl =0.01, the wavelength for an output power of 0.355 moves from 1.5739 µm
to 1.5454 µm indicating a shift of -28.5 nm.
The BPM simulation indicates that the light can be guided laterally via Bragg
reflections for the array. In addition, a spectral shift of -28.5 nm is predicted for a
refractive index increase of 0.01. This shift suggests a sensitivity of 2850 nm per
RIU. The shift of the spectrum and hence the sensitivity may be limited by the
minimum thickness of the SU-8 layer in the defect core and the resulting fluid-
field overlap. The minimum thickness of 1.3 µm is limited by the asymmetry of
the cladding region causing the cut-off of the fundamental mode if the thickness
is reduced further. The next section explores a platform removing this limitation.
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4.3.2 Fluid-tunable reverse symmetry waveguide confined
by shielded waveguide array
In Section 4.3.1 a BPM simulation predicted that a fluid and wavelength selec-
tive horizontal Bragg guidance in a reverse symmetry waveguide array should be
possible. However, the fluid field overlap and hence the sensitivity was limited by
the thickness of the defect core layer due the asymmetry of the cladding region.
A enhancement of the sensitivity would be beneficial because it would allow the
detection of smaller changes in the analyte. Thus a new design was investigated
which should enhance the fluid-field overlap and thereby increase the sensitivity.
Since the film thickness for the structure of Figure 4.1 was is limited by the
asymmetry of the cladding region, a logical step would be to reduce the asymme-
try or, equivalently, make the waveguides symmetric. One approach to achieve
this is to include a KMPR cover layer with a fluid opening to the reverse symme-
try core. A cross-section of the design is illustrated in Figure 4.5. The realisation
of this design would be analogous to the design of Section 4.3.1 with the addition
of a top KMPR cladding with photo lithographically defined fluid access to the
reverse symmetry core.
Fluid!
nD ! n1! n2!
dD ! d2!
KMPR!
d1!
Silicon!
Air!
KMPR!
SU-8 ! 2.5 µm!0.4 µm!
Figure 4.5: Cross-section of reverse symmetry waveguides with KMPR array
cover and fluid opening defect core
It is expected that the structure would still exhibit a strong wavelength depen-
dent transition from Bragg guidance of light in the defect core to strong coupling
of the light into the array and the wavelength at which this transition would occur
should be more sensitive to changes in fluid index due to the increased fluid-field
overlap. In order to test the changes of guiding behaviour and fluid sensitivity of
97
4. Fluid-tunable Bragg guidance in reverse symmetry waveguides
this design, a band gap and beam propagation analysis was performed for fluid
indices of nfl = 1.32 and nfl = 1.33.
Band gap analysis
The new design of Figure 4.5 has only fluid access to the defect core. The rest of
the array is covered by KMPR and shielded from the fluid. This is expected to
allow a thinner core layer and thus an extension of the evanescent field into the
fluid and higher sensitivity to changes in the fluid’s refractive index. Secondly,
unlike to the design of Section 4.3.1 the position of the photonic band gap will
be completely fixed since the array is shield from the fluid.
The cross-section of the waveguide array is split up into segments to perform
effective index method reduction of the problem into one dimension as displayed
in Figure 4.5. The array core and cladding segments are now symmetric since
they have a KMPR as top and bottom cladding. The fundamental mode of
symmetric waveguides are never cut off regardless of the dimensions of the core
layer and hence the limiting thickness factor would be the asymmetry of the
reverse symmetry core. The 1-D mode solver was used to calculate the minimum
thickness and the effective indices for fluid indices of nfl = 1.32 and nfl = 1.33.
The mode solver yielded a minimum thickness of 0.4 µm before the fundamental
TM mode is cut off in the defect segment for a wavelength range of 1.4 to 1.7 µm.
With a KMPR top cover the maximum height of the core segment is reduced to
2.5 µm for it to be still single mode.
Based on the effective indices the 1-D photonic band gap diagram was calcu-
lated. Figure 4.6 displays the band gap diagram for fluid indices of nfl = 1.32
and nfl = 1.33. The light lines for fluid refractive indices of nfl = 1.32 and
1.33 (red and green solid lines) intersect with the blue shaded band gap between
normalised frequencies of 1.8 and 1.9. Thus the normalised frequency range from
1.75 to 1.95 was simulated at greater resolution as displayed in Figure 4.7. The
light line line for 1.32 fluid index intersects between 1.845 and 1.855 normalised
frequency and the light line line for fluid index of nfl = 1.33 intersects from
normalised frequencies of 1.878 to 1.888. The width of the band gap region of
Figure 4.6 is much smaller than at the design where the whole array was covered
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with fluid. In addition, the slope of the light line of the reverse symmetry defect
region is steep because of the increased fluid-field overlap.
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Figure 4.6: Band gap diagram of reverse symmetry waveguides with fluid channel
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Figure 4.7: Band gap diagram of reverse symmetry waveguides with fluid channel)
By the adjusting the period to 2.9 µm an intersection with the band gap can
be enabled for wavelengths of λ = 1.563 and 1.572 µm for nfl = 1.32 and for
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wavelengths of λ = 1.536 and 1.544 µm for nfl = 1.33. Comparing the centre
wavelengths of the intersection indicates a 27.5 nm shift. The expected shift
is in fact less than the shift reported in the BPM in Section 4.3.1. In order
investigate the actual Bragg guidance range a 2-D BPM was carried out of the
KMPR covered array.
Beam propagation analysis
The band gap analysis for the reverse symmetry waveguide array with KMPR
cover showed an intersection of the defect core light line with the band gap of
the array. The intersection was shifted to a higher normalised frequency upon
increase of the fluid refractive index. The spectral width of the intersection was
smaller compared to the platform of Figure 4.1. Hence, it is predicted that fluid
tunable Bragg guidance would be observed for this platform where the array
is schielded from the fluid. Further the band gap analysis suggested that the
width of the Bragg guided spectral region should be smaller and that the shift of
this spectrum with a change in fluid refractive index may remains similar to the
platform where whole array is covered with fluid. In order to verify this, a 2-D
beam propagation analysis is carried out again.
For the BPM a TE gaussian beam was launched into the central reverse sym-
metry waveguide which was embedded at the centre of an array of 40 arrays cores.
The period of the array cores was set to 2.9 µm with a duty cycle of 50%. The
width of the defect was set to 8 µm. The normalised frequency was swept from
1.706 to 2.071, equal to a wavelength rage from 1.7 to 1.4 µm. The output power
in the defect waveguide was monitored after 10 mm propagation length.
Figure 4.8 shows the output power in the defect core after 10 mm propagation
length. The red solid line displays the output power for a fluid index of nfl = 1.32.
The power peaks at a normalised frequency of 1.824 or a wavelength of λ = 1.5899
µm. The peak has a full width at half maximum (FWHM) of 11.5 nm. For a
fluid index of nfl = 1.33 the output power peak centred at a normalised frequency
of 1.859 or a wavelength of λ =1.5597 µm. The peak has a full width at half
maximum of 11.4 nm. The shift between the two output power peaks is 30.2 nm.
The peaks are located at about 20 nm longer wavelengths than the intersections
100
4. Fluid-tunable Bragg guidance in reverse symmetry waveguides
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
1.75 1.80 1.85 1.90 1.95 2.00 2.05
1.4001.4251.4511.4781.5061.5351.5661.5971.6301.6641.700
Length: 10 mm
30.2 nm
FWHM: 11.5 nm
FWHM: 11.4 nm
O
ut
pu
t p
ow
er
 (a
.u.
)
Frequency ωΛ/2pic
Wavelength (µm) for Λ=2.90 µm
nfl: 1.32
nfl: 1.33
Figure 4.8: Intensity in reverse symmetry waveguides covered with fluid
calculated in the band gap analysis.
The 30.2 nm shift for 0.01 refractive index increase predicts a sensitivity of
3020 nm per RIU and is about 10% larger than the one of the design with complete
fluid cover. The reason that sensitivity is not significantly larger compared the
the design without KMPR cover is that due to the larger light line of the reverse
symmetry section has steeper slope compared to the band gap region as shown
in Figure 4.7. A change in fluid index actually results in a horizontal shift of the
light line. If the slope of the light line is similar to the slope of the band gap
region a gradual transition from not guided to Bragg guided occurs and a change
in fluid index causes a large shift of the guided spectrum. In addition, the guided
spectrum is broad. Conversely, if the slope of the light line is much steeper than
the band gap, a change in fluid index would not result in a large shift of the
spectrum. However, the light line intersects the lower wavelength range, so the
width of the spectrum where guidance occurs is smaller. The reduction of the
spectrum brings an advantage in terms of the resolution, since a narrower peak
results in a higher resolution [7] because the central position of the peak is less
prone to noise.
For the KMPR covered array of Figure 4.5 the band gap is smaller in general
because the index contrast between n1 and n2 is smaller since the refractive index
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of SU-8 with nSU8 =1.572 is relatively close to the refractive index of KMPR with
nKMPR =1.547. The output power of the this design is significant lower than of
the design in Section 4.3.1. This can possibly be attributed to coupling loss. The
narrow band gap which will only allow a few angles to propagate. The launched
field is a gaussian which means that it has quite broad range of angle it can
couple to. Because of this mismatch only a small portion of launched light will
be coupled to the Bragg guided mode in the core.
The index contrast between n1 and n2 is maximised in the current geometry
with KMPR as both the top and bottom cladding. Thus is would interesting to
investigate other design options that allow higher contrast and wide band gap to
improve that transmission characteristics.
4.3.3 Reverse symmetry waveguide confined by laminated
waveguide arrays
The KMPR covered design in Section 4.3.2 shows a high sensitivity and a narrow
peak width. However, there was a very narrow band gap which could cause
problems for implementation. Thus in this section a design is explored that may
enable lower coupling loss and sensitivity at a relatively narrow Bragg guidance
spectrum.
In Section 4.3.2 a KMPR top cladding was introduced to the array waveg-
uides to make the cladding waveguide area more symmetric and thereby allow
a reduction in the SU-8 core layer thickness that would still support a guided
mode. Another approach to reduce the refractive index of the lower KMPR
cladding to make the region more symmetric. An elegant way to do this is to
flip the ribs of waveguide array and make use of the dry lamination technique
within the waveguide array as well in order to create air cavities underneath the
lower index sections of the array, similar to the defect region. A schematic of the
cross-section of such a design is presented in Figure 4.9. The whole array is held
by the SU-8 film. The lower side is includes the ridges that define the cores of
the array waveguides and the recesses between these ridges are laminated onto
an unpatterned film of KMPR such that air cavities are trapped.
102
4. Fluid-tunable Bragg guidance in reverse symmetry waveguides
Fluid!
nD ! n1! n2!
dD ! d2!
KMPR!
d1!
Silicon!
Air!
0.4 µm!
SU-8 ! 3.5 µm! 1.1µm!
Figure 4.9: Cross-section of reverse symmetry waveguides with laminated waveg-
uide array
As with the two previous designs the band gap diagram was calculated and a
beam propagation analysis was carried out. It is expected that the air underneath
the cladding regions of the waveguide array would causes a larger core cladding
contrast and hence a wider band gap and may enable Bragg guidance with low
coupling loss, sharp transition from guided to not guided and a high sensitivity
to changes in the fluid index.
Band gap analysis
In the array core regions, the effective index (n1) cannot drop below the refractive
index of KMPR, while the array cladding region the effective index (n2) can
exhibit far smaller values. This enables a larger index contrast and may result in
a larger band gap. In order to analyse the band gap the wavelength dependent
effective indices for nD , n1 and n2 were determined and a 1-D band gap diagram
was calculated. The the thickness of the SU8 region in the array was increased
in order to reduce the influence of the fluid on the array waveguides, resulting in
SU-8 layer thicknesses of 3.5 µm, 1.1 µm and 0.4 µm for waveguide array core ,
cladding and defect regions, respectively.
Figure 4.10 shows the band gap diagram for a fluid index of nfl = 1.32. The
light line of the fluid intersects the band gap over a frequency range from 1.99
to 2.065. When the fluid index is increased to nfl = 1.33 the intersection of the
light line shifts to a frequency range from 2.025 to 2.1, as seen in Figure 4.11.
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Figure 4.10: Band gap diagram of a reverse symmetry waveguide enclosed by
laminated air cavity waveguide arrays (nfl : 1.32)
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Figure 4.11: Band gap diagram of a reverse symmetry waveguide enclosed by
laminated air cavity waveguide array (nfl : 1.33)
For a waveguide array period of 3.2µm the intersection of the light line with the
band gap occurred at a wavelength range of 1.55 µm to 1.608 µm for nfl = 1.32
and 1.524 µm to 1.58 µm for nfl = 1.33. The frequency width of the band gap
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is about 5 times wider than the width of the band gap in Section 4.3.2. The
slope of the of the band gap is almost identical to the slope of the band gap
in Section 4.3.2. The slope of the light line of both designs is identical. Thus a
similar shift of the Bragg guided spectrum with change of the fluid refractive index
can be expected. However, the increased width of the band gap suggests that the
width of the spectrum should be larger which may lead to a lower coupling loss.
In order to check this assumption a beam propagation analysis of this design was
performed.
Beam Propagation Analysis
The band gap analysis showed that an increase of the index contrast between
waveguide core and cladding region caused the light line of the reverse symmetry
defect core to cross the band gap over a wavelength range of around 60 nm.
This increased wavelength range suggests that the Bragg guided spectrum should
increased and may enable guidance with lower coupling loss. A BPM method
analysis was thus carried out to investigate this.
A TE gaussian beam was launched into the central reverse symmetry defect
waveguide of a 10 mm long waveguide array with 40 arrays cores. The period of
the array cores was set to 3.2 µm with a duty cycle of 50%. The transmission
through the reverse symmetry waveguide was monitored for a frequency range
form 1.882 to 2.286 corresponding to a wavelength range from 1.7 to 1.4 µm.
Figure 4.12 shows the calculated output power of the reverse symmetry waveg-
uide after 10 mm propagation. The red graph displays the output power for a
fluid cover with nfl = 1.32. The graph has a very steep increase from a normalised
frequency of 1.966 and plateaus at around a power value of 0.9 from 1.995 to 2.03.
Then the power drops rapidly. The centre of the peak is at a frequency of 2.011
or wavelength of 1.5913µm. The FWHM is 66.5 nm. The green curve shows
the output power for fluid cover with nfl = 1.33. The peak reaches a maximum
of 0.92 and is centred at a frequency of 2.047 or wavelength of 1.5634µm. The
FWHM is 64.9 nm. The shift between the two peaks in 27.9 nm.
The BPM simulation confirmed the made predictions that the Bragg guide
spectrum would wider if the index contrast was made larger. The width of the
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Figure 4.12: Intensity in reverse symmetry waveguides covered with fluid
band increased to around 65 nm FWHM. The peak output is at %90 indicating
low coupling loss. The sensitivity remained with 2790 nm per RIU at a similar
level to the previous two designs.
4.4 Discussion
The performed simulations used 1D approximation to get idea of the general
feasibility of such a Bragg guided reverse symmetry waveguide array. Thus it is
likely that other limiting factors need to be considered. This section discusses
these factors provide means to verify their existence and suggest methods prevent
them.
4.4.1 Leakage into substrate
Since the waveguide arrays were modelled with a 2-D approximation for the beam
propagation analysis, any possible leakage into the substrate has been neglected.
Leakage into the substrate could pose a major issue since the effective index of the
reverse symmetry inside the exhibits an effective index that is a lot smaller than
the refractive index of the KMPR cladding. A 3D BPM simulation needs to be
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conducted to confirm that the loss due leakage into the substrate is not excessively
large. Should significant loss into the cladding exist it may able to be combated
by adjusting the height of the SU-8 wall so that they behave anti-resonantly to
the propagating mode and reflect it back into the SU-8 core layer.
4.4.2 Maximum sensitivity
The idea behind the reverse symmetry waveguide is to push as much of the field
into the fluid region and thereby improve the sensitivity [7]. It would be in-
teresting to determine the maximum increase sensitivity all the field is located
in the fluid. The maximum sensitivity can be estimated by comparing the ef-
fective indices of the defect region (nd) in Section 4.3.2. When the fluid index
was increased from 1.32 to 1.33 this resulted in change of the average effective
index by 0.0085 from 1.3252 to 1.3337 and the peak shifted by 30.2 nm. In the
case where the all of the field is overlapping with the fluid the effective index
would be identical to the fluid index. Hence, dividing the wavelength shift by
the effective index difference can approximate the sensitivity for a total fluid-field
overlap. This yields a sensitivity of 3553 nm/RIU. This enable a sensitivity that
is comparable with some of the surface plasmon resonance sensors as shown in
Table 3.2 An alternate option to increase the sensitivity may be to redesign the
device length to allow a longer fluid light interaction in longitudinal direction as
shown in [71].
4.4.3 Future investigations
In order to validate the approximations made by the 1D modal analysis and 2D
BPM, it would be beneficial to carry out a full wave 2D modal analysis to deter-
mine the band gaps of the waveguide array. A 2D modal analysis would provide
information about possible polarisation conversion because of the high index con-
trast. A 2D modal analysis would detect leakage of modes into the substrate. In
addition, the modal analysis will provide the field distribution of the guided mode
which can be used to launch a guided in the BPM simulation. If the modal anal-
ysis is successful a 3D BPM could to determine the actual transmission through
the Bragg guided core and provide an estimate of the attenuation occurred be-
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cause of the possible leakage into KMPR and also model the slope of the Bragg
guided spectrum. A possible issue when carrying out the modal analysis would be
that it could be quite challenging to find the guided mode since they have a low
effective index and would compete with box modes of the simulated structure. If
this is the case, it can be beneficial to run the 3D-BPM first to find the mode.
4.5 Conclusions
Originally the idea of this chapter was to explore planar wave guiding concepts
that allowed the confinement of light in lower refractive index liquids such water
by the means of a guiding mechanism relying on the periodicity of the structure.
The design of the planar periodic waveguide platform chosen so that a minimum
of change of the interfaced fluid would chase a maximum change in guiding be-
haviour to enable high sensitivity. A large fluid-field overlap would encourage a
high sensitivity.
A literature review revealed that Bragg guidance in hollow fibres had been
a proven optofluidic platform showing high sensitivity of the transmission be-
haviour towards changes in the refractive indue old water based liquids. How-
ever, the realisation of 2-D Bragg confinement is challenging and has not been
practically demonstrated yet. Instead of 2-D Bragg guidance, a combination
horizontal Bragg guidance in planar polymer waveguide arrays and vertical con-
finement in reverse symmetry waveguides was proposed. Three platform designs
incorporating the SU-8 dry film lamination technique introduced in Chapter 2
were presented and analysed in terms of their spectral Bragg guidance behaviour
and their the fluid-tunability.
The first proposed design used a laminated rib waveguide array to confine the
light via Bragg reflection. The effective index of the reverse symmetry waveguide
was similar to the array causing a very fluid-sensitive Bragg guidance over a broad
spectral width.
In the second design the waveguide array was covered with polymer layer to
shield the array from the fluid. The centre reverse symmetry waveguide core
remain open to allow direct access to the fluid. The shielding also increased
the vertical symmetry the array waveguides allowing the reduction of the defect
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waveguide thickness to increase the fluid-field overlap. The direct increase in
sensitivity was not shown. However, the spectral width of the Bragg guided
region was reduced, leading to a higher resolution.
The reduction in spectral width also caused a reduction in transmission. A
third design using air cavities underneath the waveguide array cladding regions
was introduced to increase the index contrast of the waveguide array and the
enable a larger band gap with better transmission while keeping the sensitivity.
A beam propagation analysis verified that the assumptions.
In theory, 1-D Bragg guidance in planar polymer waveguide arrays with re-
verse symmetry waveguide defect regions is possible. Sensitivities of around 3000
nm per refractive index unit have been predicted for refractive index changes in
aqueous liquids. These value rivals existing optofluidic sensing concepts. The
spectral width of the guided region can be adjusted by variation of the platform
design.
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Chapter 5
Conclusions
This thesis set out to explore the interplay of optical propagation within periodic
structures with fluids on planar platforms as an analogue of previously demon-
strated fluid infiltrated fibre platforms. Three planar fluid-infiltrated waveguide
array platforms were investigated in the course of this thesis. The aim of the first
platform was to demonstrate discrete guiding behaviour in a low cost liquid-core
polymer waveguide platform. At first, it was necessary to develop a fabrication
technique to realise a platform with hollow micron-sized channels that could be
infiltrated with high index liquids. A polymer dry film lamination technique that
had been introduced by the microfluidics community to realise sub-millimeter
scale microfluidic channels was adapted to allow the fabrication of such a micron
scale, air-structured waveguide platform. The hollow cores could be successfully
infiltrated with high refractive index fluid and showed single mode waveguiding,
coupling and discrete diffraction characteristics. The next step was to demon-
strate fluid tuned discrete diffraction in infiltrated waveguide arrays. Tempera-
ture was selected as the variable parameter to modify the index contrast between
the fluid core and the polymer cladding. The effect of temperature on the cou-
pling characteristics was first modelled and then demonstrated experimentally.
The waveguide arrays showed a fluid tuned change of the rate of discrete diffrac-
tion. The coupling between the waveguide cores was symmetric and coherent,
making the platform a robust and low cost alternative to fibre based platforms.
Chapter 3 explored the introduction of a defect waveguide to these planar
waveguide arrays designs to allow a fluid-tunable transition between light being
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guided in a defect waveguide, and light being coupled off into the array via dis-
crete diffraction. It was found that if only one dimension of the defect waveguide
was changed, a large change in fluid index was necessary to achieve a transition
between the trapping of light in a defect and discrete diffraction. If two dimen-
sions of the defect core were altered, a transition over a shorter fluid range was
possible. However, it was reasoned that waveguide arrays with different heights
would be difficult to fabricate at sub-micron precision. Instead of using a dif-
ferent height, it was proposed to adjust the waveguide cladding by shielding the
defect core from the fluid with a polymer coating and still achieve a significant
transition between trapping and discrete diffraction. In addition, it was shown
that a difference in dispersion of the defect and array core enabled a wavelength
dependent transition between trapping in a defect waveguide and coupling into
the array via discrete diffraction. The spectral location of this transition was
found to be dependent on the fluid index. Based on these models, a physical
device was realised and experimentally tested. The waveguide array performed
similar to the modelled results. The platform was shown to be compatible with
water-based fluids and showed a sensitivity of around 1000 nm per refractive
index unit. Modelling of the water based absorption showed that the device is
robust against absorption in the fluid since all of light that leaves the defect and
couples into the array, which is strongly coupled to the fluid, is considered lost.
Chapter 4 explores a planar analogue of a fluid infiltrated Bragg fibre, investi-
gating whether a planar waveguide array can confine light in a defect core region
via Bragg guidance. In order to realise Bragg guidance, the core region must ex-
hibit a lower refractive index than the other material of the array. To realise this
low index region the use of an air cladding reverse symmetry waveguide as the
defect region was proposed. Several different designs were simulated and assessed
in terms of their sensitivity to both changes in wavelength and fluid refractive
index. The first Bragg reflector design consisted of polymer rib waveguides. This
structure exhibited gradual intersection of the defect light line leading to a broad
wavelength range over which light would be guided by the Bragg reflection and
consequently a very gradual transition from guiding to radiating behaviour. The
fluid-dependent shift of guided wavelength was predicted to have a sensitivity
around 3000 nm per refractive index unit. In a variation of the platform, the
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array was covered with a polymer cladding to allow the further reduction of the
reverse symmetry layer. This resulted in much narrower wavelength range where
Bragg guidance was possible and thus to a larger resolution at similar sensitivity.
A third variation was proposed that included Bragg reflectors that also included
air cavities beneath them. The predicted spectrum showed sensitivity of around
3000 nm per refractive index unit but far less attenuation.
The liquid-core waveguide array platform demonstrated in Chapter 2 makes
the observation of coupling phenomena easier because of the 1-D character light
can only couple to the two neighbouring waveguide cores. It can make the oper-
ation easier, platform could be tuned just by placing a drop of fluid on the top
of the waveguide array in Chapter 3. Not all transitions of fluid tuneable guiding
concepts are easy to implements in planar platforms. In particular, guidance in
low -index liquids is hard to achieve because planar waveguide platform because
periodicity is only offered in one dimension as shown Chapter 4. This thesis only
marks first glimpse into the area of planar fluid-tunable waveguide arrays. A
lot of the advantages planar platforms have, have not even been exploited in the
investigated platforms.
5.1 Future investigations
Bulk modification of the used polymers or fluids with fluorescent dye of the liquid-
core waveguide array platform of Chapter 2 would be of advantage because it
would enable a trace of the discrete coupling behaviour as the light propagates
through the array. This method to observe the light propagation from the top of
the array would allow the detection of subtle coupling phenomena and would be
of interest for the non-linear optics community.
For the Bragg guided reverse symmetry waveguide platform of Chapter 4
the next step would be a more thorough investigation using 2-D modal analysis
and 3-D BPM propagation method to further characterise the Bragg guiding
behaviour. In case of significant leakage into the substrate, counter measures like
anti-resonant SU-8 walls need to be implemented. Provided the 3-D simulation
yields acceptable results for the guidance behaviour the experimental realisation
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of the device can be explored.
One interesting avenue for the extension of the presented planar fluid-tunable
waveguide array platforms is the incorporation of longitudinal variations. Long
period gratings, for example, could be included to enable an increased interaction
with the fluid and thus result in a higher sensitivity.
Rather than using periodic waveguide array spacings it would interesting to
explore the use non-uniform spacings between the waveguides of the array in
order possibly sharpen the transition from transmission to resonant reflection in
analogy with a multi-layer thin film reflector. This enhanced sharpness should
further increase the sensitivity to the fluid.
The fluid-tunable waveguide arrays in Chapter 3 and 4 are designed to work
with a fluid having the same refractive index as water. Thus it would be very
interesting to investigate how these sensors perform when actually detecting bio-
logical specimen. The next logical step would be to explore the functionalisation
of the SU-8 waveguide core to be able to capture bioparticles.
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